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LOCATION: 
California Air Resources Board 

Zalifornia Environmental Protection Aaency Auditorium 

33 Air Resources Board4 
9530 Telstar Ave. 
El Monte, California 9?731 

PUBLIC MEETING AGENDA 
This facility is accessible by public transit. For transit information, 
call: Metropolitan Transit Authority (MTA) ai 3 -BOO-COMMUTE 
website www.mta.net. (This facility is accessible to persons with 
disabilities.) 

June 20-23,2002 
930 a.m. / 8:30 a.m. 

PAGE NO. 

32-5-Q Public Hearing to Consider Amendments to z 
the Ambient Air Quality Standards for Particulate 
Matter and Sulfates 

32-5-2 
Pwblic Meeting to Review the Status Report on the 
Implementation of Environmental Justice Pohcies 
and Actions 

627 

Public Meeting to Review the Status Report on the 
Implementation of the San Francisco Bay Area’s 
2001 Ozone Attainment Plan 

629 

The Board Book is comprised of a number of individual documents, many of which are individually 
numbered. The Board Book itself is numbered in the top right and left hand corners. These numbers are 
reflected in the Table of Contents above 

CONTACT CLERK OF THE BOARD, 1001 f Street, Sacramento, CA 95814 (916) 322-5594 
FAX: (916) 322-3928 

ARB Homepage: www.arb.ca.gov 
To submit written comments on an agenda item in advance of the meeting. 
To request, in advance of the meeting, to be placed on the list to testify on an agenda item. 
To request special accommodations for those persons with disabilities (at least 7 days prior to the meeting 

date please). 
For persons with a hearing or speech impairment, please use our telephone device for the deaf 

TDD: (916) 324-9531 or (800) 760-8326. 

SMOKlNG NOT PERMITTED AT MEE-DNGS OF THE CALfFORNlA AIR RESOURCES BOARD 
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California Environmental Protection Agency 

es Air Resources 5sard 

California Air Resources Board 
Auditorium 
9530 Telstar Ave. 
El Monte, California 917311 

This facility is accessible by public transit. For transit information, 
call: Metropolitan Transit Authority (MTA) at 1-800-COMMUTE, 
website www.mta.net. (This facility is accessible to persons with 
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02-5-2 

02-5-3 

June 20-21,2002 
9:30 a.m. / 8:30 a.m. 

Public Hearing to Consider Amendments to the Ambient Air Quality Standards for Particukde Matter 
and Sulfates 

The Board wilE consider proposed amendments to the Ambient Air Quality Standards for PafiicuIaate Matter 
and Sulfates. 

Public Meeting to Review the Status Rep& on the Implementation of Environmental Justice Policies 
and Actions 

Staff will provide the Board with an update on actions taken over the last six months to implement policies as 
well as plans for the rest of the year. 

Public Meeting to Review the Status Report on the Implementation of the San Francisco Bay Area’s 
2001 Ozone Attainment Plan 

Staff will provide the Board with a status report on follow-up activities. 

OPEN SESSION TO PROVIDE AN OPPORTUNITY FOR MEMBERS OF THE PUBLIC TO ADDRESS 
THE BOARD ON SUBJECT MATTERS WITHIN THE JURISD:CT:ON OF THE BOARD 

Although no formal Board action may be taken, the Board is allowing an opportunity to interested members 
of the public to address the Board on items of interest that are within the Board’s jurisdiction but that do not 
specifically appear on the agenda. Each person will be allowed a maximum of five minutes to ensure that 
everyone has a chance to speak. 

THOSE lTEMS ABOVE WHICH ARE NOT COMPLETED QN JUNE 20 WILL BE HEARD BEGlNNlNG AT 
8:30 A.M. ON JUNE 21. 

THE AGENDA lTEMS LlSTED ABOVE MAY BE CONSlDERED IN A DIFFERENT ORDER AT THE 
BOARD MEETING. 

CONTACT CLERK OF THE BOARD, iOB’i P Street, Sacramento, CA 95814 (916) 3224594 
FAX: (916) 322-3928 

ARB Homepage: www.arb.ca.gov 
To submit written comments on an agenda item in advance of the meeting. 
To request, in advance of the meeting, to be placed on the list to testify on an agenda item. 
To request special accommodations for those persons with disabilities (at Beast 7 days prior to the meeting 

date please). 
For persons with a hearing or speech impairment, please use our telephone device dor the deaf 

TDD: (916) 324-9531 or (800) 700-8328. 

SMOKING NOT PERMITTED AT MEETINGS OF THE CALIFORNIA AIR RESOURCES BOARD 



SUMMARY OF BOARD ITEM 

ITEM w 02-5-A : Public Hearing To Consider Amendments 
To The Ambient Air Quality Standards For 
Particulate Matter And Sulfates 

STAFF RECBMMENDATION: The staff recommends that the Board adopt the 
proposed amendments to the Ambient Air Quality 
Standards for Particulate Matter and Suifates. 

DISCUSSION: The Children’s Environmental Health Protection Act 
required the Board to evaluate all health-based 
ambient air quality standards by December 31, 
2000, to determine if they adequately protect public 
health, with an emphasis on infants and children. 
The Act also required that standards deemed not 
protective to be prioritized for full review. In 
December 2000, the Board approved a staff report 
on the adequacy of California ambient air quality 
standards, which found that adverse health effects 
may occur in infants and children and other 
susceptible subpopulations exposed to several 
pollutants at or near levels corresponding to current 
standards. The Board also concurred with the 
report’s finding that the standards with the highest 
priority for review were those for particulate matter 
less than 10 micrometers in aerodynamic diameter 
(PM1 0), including sulfates. 

After extensive review of the scientific literature, 
staff has developed recommendations for amending 
the PM10 standards. On May 3, 2002, staff 
released a report to the public containing the 
proposed amendments to the PM and sulfates 
standards. Staff is recommending the Board adopt 
amendments to lower the level of the annual 
standard for PM1 0 and establish new 24-hour and 
annual standards for PM25 (particulate matter 2.5 
micrometers in diameter and smaller). Staff is also 
recommending changes in the monitoring methods 
for the PM1 0 and sulfates standards. 

The recommendations are based on an extensive 
review of the scientific literature by staff from the 
ARB and Office of Environmental Health Hazard 
Assessment (OEHHA). Staffs proposals were 



reviewed and approved with revisions by the Air 
Quality Advisory Committee, an external scientific 
peer review committee that was appointed by the 
President of the University of California. 

The proposed amendments are largely based on 
results from epidemiological studies in many cities. 
These studies indicate strong associations between 
exposures to PM and adverse health effects, such 
as increased numbers of premature deaths, hospital 
admissions and emergency room visits for 
cardiopulmonary causes and bronchitis, and 
exacerbation of asthma and respiratory symptoms. 
These adverse health effects have been reported 
primarily in children, the elderly, and individuals with 
pre-existing cardiopulmonary disease. Attaining the 
proposed standards would lead to substantial 
reductions in death and disease. As examples, staff 
estimates that attainment of the proposed annual 
PM10 standard would result in (1) about 6,500 fewer 
cases of premature mortality per year, and (2) about 
400,000 fewer days of lower respiratory symptoms 
per year among children ages 7 to 14. 

Six public workshops were held in December 2001 
to discuss the initial draft report. The Air Quality 
Advisory Committee held two public meetings in 
January and April 2002. Public workshops to 
discuss the staff report were held in early June 2002 
in Los Angeles and Sacramento. 

SUMMARY AND IMPACTS: The health impacts from exposure to particulate air 
pollution are significant. The scientific literature 
supporting the proposed amendments to the 
standards is substantial. Hundreds of studies have 
been conducted and have found an association 
between exposure to particulate matter and adverse 
health effects. Ambient air quality standards are a 
legal definition of clean air. Attainment of the 
proposed standards will produce many health 
benefits to Californians. The setting of ambient air 
quality standards is the beginning of the process to 
ensure clean air for California’s citizens. 
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TITLE 17. CALIFORNIA AIR RESOURCES BOAtiD 

NOTICE OF PUBLIC HEARING TO CONSIDER AMENDMENTS TO 
REGULATIONS FOR THE STATE AMBIENT AIR QUALITY STANDARDS FOR 
SUSPENDED PARTICULATE MATTER (PM) AND SULFATES 

The Air Resources Board (the “‘Board’” or “ARB”) will conduct a public hearing at 
the time and place noted below to consider amendments to regulations contained 
in sections 70100 and 70200 of title 17, California Code of Regulations, and the 
adoption of a new section 70100.1 of title 17, California Code of Regulations 
regarding ambient air quality standards and measurement methods for 
suspended particulate matter (PM) and sulfates. 

DATE: June 20,2002 

TIME: 9:00 a.m. 

PLACE: California Air Resources Board 
Auditorium 
9530 Telstar Avenue 
El Monte, CA 91731 

This item will be considered at a two-day meeting of the Board, which will 
commence at 9:00 a.m., June 20, 2002, and may continue at 8:30 a.m., 
June 21, 2002. This item may not be considered until June 21, 2002. Please 
consult the agenda for the meeting, which will be available at least 10 days 
before June 20, 2002, to determine the day on which this item wili be considered. 

This facility is accessible to persons with disabilities. If accommodation is 
needed, please contact the ARB’s Clerk of the Board by June 6, 2002, at 
(916) 322-5594 or TDD (916) 324-9531 or (800) 700-8326 for TDD calls from 
outside the Sacramento area to ensure accommodation. 

INFORMATIVE DIGEST OF PROPOSED ACTION AND POLICY STATEMENT 
OVERVIEW 

Sections Affected: Proposed amendments to title 17, California Code of 
Regulations (CCR), sections 70100 and 70200; and proposed adoption of new 
section 70100.1. 

Backqround: Section 39606(a)(2) of the Weaith and Safety Code requires the 
ARB to adopt ambient air quality standards in consideration of the public health, 
safety, and welfare, including but not limited to health, illness, irritation to the 
senses, aesthetic value, visibility interference and the effects of air pollution on 
the economy. Ambient air quality standards, as defined in section 39014 of the 
Health and Safety Code, reflect the relationship between the composition and 
intensity of air pollution to undesirable effects. Ambient standards relating to 
health effects, including the PM and sulfates standards, are to be based upon the 
recommendations of the Office of Environmental Health Hazard Assessment 
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(OEHHA). Existing section 70100 of 17 CCR consists of definitions of ambient 
air quality standards, and existing section 70200 consists of a table of standards. 
The proposed amendments would modify the parts of those sections pertaining 
to suspended particulate matter (PM) and sulfates. In addition, ARB staff is 
proposing to adopt new section 70100.1 to set forth approved samplers, 
measurement methods, and instruments for monitoring for compliance with PM 
standards. 

Section 39606(d) of the Health and Safety Code (Children’s Environmental 
Health Protection Act (SB 25, Escutia; Stats. 1999 ch. 731, sec. 3)) required the 
ARB, in consultation with the OEHHA, to review all California health-based 
ambient air quality standards to determine if any were inadequate to protect 
public health, including the health of infants and children. At its December 7, 
2000 meeting, the Board approved a report, “Adequacy of California Ambient Air 
Quality Standards: Children’s Environmental Health Protection Act,” prepared by 
ARB and OEHHA staffs. The report concluded that health effects may occur in 
infants and children and other potentially susceptible subgroups exposed to 
several criteria pollutants at or near levels corresponding to their current 
standards. A criteria pollutant is defined as an air pollutant for which acceptable 
levels of exposure can be determined and for which an ambient air quality 
standard has been set. The report identified the standards for particulate matter 
(PM), including sulfates, as having the highest priority for review and revision. 
Section 39606(d) of the Health and Safety Code also requires the Board to revise 
the highest priority California ambient air quality standard (PM) by 
December 31,2002. Due to the importance of the health impacts from PM 
pollution, the Board directed staff to prepare a proposal for revising the standards 
for its consideration in spring of 2002. 

For the PM and sulfates standards review, ARB and OEHHA staff considered 
and evaluated new scientific literature regarding the impacts of PM air pollution 
on public health. The body of evidence reviewed demonstrated associations 
between health effects and both PM10 and PM25 PM10 is defined as 
suspended PM with a mean aerodynamic radius of 10 microns or less, and 
PM25 is defined as fine suspended PM with a mean aerodynamic radius of 2.5 
microns or less. The health effects from exposure are significant and include 
premature death, hospital admissions for cardiopulmonary causes, emergency 
room visits, acute and chronic bronchitis, asthma attacks, upper respiratory 
symptoms, work loss, and restricted activity. 

The staffs review of the literature determined the following. First, there are 
compelling reasons to be concerned about significant adverse health effects 
associated with PM10 exposures occurring at or below the levels defined by the 
existing standard. Second, there are compelling reasons to be concerned about 
significant adverse health effects associated with PM2.5 exposures, for which no 
State standards exist. Third, PM and sulfates measurement methods should be 
updated to reflect more accurately the level of these pollutants in ambient air and 
the technical improvements in equipment- 
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A report containing staffs preliminary findings was released to the public on 
November 30, 2001, titled “Review of California Ambient Air Quality Standards 
for Particulate Matter and Sulfates, Report to the Air Quality Advisory 
Committee.” This report, which recommended revising the annual average 
standard for PMAO and establishing a new annual average standard for PM2.5, 
was reviewed by the Air Quality Advisory Committee (AQAC), an external peer 
review committee established in accordance with section 57004 of the Health 
and Safety Code and appointed by the President of the University of California. 
At a public-meeting on January 23 and 24,2002, the AQAC approved those 
recommendations, and also recommended that the State establish a 24-hour 
standard for PM2.5. In response to the AQAC’s request, ARB and OEHHA staffs 
presented a “Draft Proposal to Establish a 24-hour Standard for PM2.5” to the 
AQAC at a second public meeting on April 3,2002, which the AQAC approved. 

The Childrenk Environmental Health Protection Act in section 39606(d)(2) of the 
Health and Safety Code requires that ambient air quality standards be 
“‘established at levels that adequately protect the health of the public, including 
infants and children, with an adequate margin of safety.” Accordingly, ARB and 
OEHHA staffs propose the following revisions to 17, CCR, sections 70100 and 
70200, and the creation of a new section 70100.1. 

Staff Proposal: Based on a review of the scientific evidence on PM health 
‘effects and the recommendations of the OEHHA, ARB staff proposes the 
following: 
(1) Lower the annual-average ambient air quality standard for PM1 0, from 30 to 

20 micrograms per cubic meter bg/m3), not to be exceeded. Revise the 
averaging method to an annuai arithmetic mean. 

(2) Establish an annual-average PM2.5 ambient air quality standard of 12 pg/m3, 
as an annual arithmetic mean, not to be exceeded. 

(3) Establish a 24-hour PM2.5 ambient air quality standard of 25 pg/m3, not to be 
exceeded. 

(4) Adopt “Measurement Method for Particulate Matter in Ambient Air,” currently 
set forth in the “Air Monitoring Quality Assurance Manual,” as printed on April 
17, 2002, and available from the ARB’s Monitoring and Laboratory Division 
(MLD), as the regulatory measurement method for PM. This method has two 
parts, “Measurement of PM1 0” and “Measurement of PM2.5”. 

(5) Adopt ARB Method MLD 007, dated April 22, 2002, as the measurement 
method for sulfates. 

ln 17, CCR, section 70100 (Definitions), ARB staff propose the following: 
= Replace subsection (k) “‘Total Suspended Particulate Matter” with “Fine 

Suspended Particulate Matter (PM2.5). ” “Sulfates” has been measured 
based upon the definition for “Total Suspended Particulate Matter,” but staff 
proposes a new sulfates measurement method. 

= Revise subsection (j) “Suspended Particulate Matter (PM1 0)” to reflect 
updated measurement methods for PM1 0. 

m Revise subsection (p) “Sulfates” to reflect an updated measurement method 
for sulfates. 

3 
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In 17, CCR, section 70200 (Table of Standards), ARB staff propose the following: 
n Revise the provision for “Suspended Particulate Matter (PMIO)” to reflect the 

proposed 20 pglm3 standard, and new measurement methods. 
. Add a provision for “Fine Suspended Particulate Matter (PM2.5)” to reflect the 

proposed PM25 standards, and new measurement methods. 
n Revise the provision for “Sulfates” to reflect the new measurement method. 

ARB staff propose a new section 70100.1, in 17, CCR, titled “Methods, 
Samplers, and Instruments for Measuring Pollutants.” Section 70100.1 is a 
listing of specific analytical, and monitoring methods, samplers, and equipment to 
be used to measure pollutants in the ambient air to determine compliance with 
the State Ambient Air Quality Standards. 

Once the ARB adopts ambient air quality standards that specify a level for clean 
air, a second phase of regulatory activity will occur as the ARB and the air 
pollution control and air quality management districts (Districts) develop, 
propose, and adopt emission standards and other control measures that will 
reduce emissions from specific source categories of PM and sulfates. The 
adoption of control measures designed to attain the ambient standards is a 
separate process conducted in accordance with the public notice and comment 
rulemaking procedures set forth in the Health and Safety Code and other laws. 
The ARB is not proposing any control requirements at this hearing. 

COMPARABLE FEDERAL REGULATIONS 

Two provisions of the federal Clean Air Act (42 USC section 7401 et seq.) govern 
the establishment, review, and revision of National Ambient Air Quality Standards 
(NAAQS), sections 108 and 109 (42 USC sections 7408 and 7409). Pursuant to 
these provisions, the federal Environmental Protection Agency promulgated an 
ambient standard for PM1 0 as an annual arithmetic mean of 50 pg/m3. The EPA 
also established NAAQS for PM2.5: a 24-hour standard of 65 pglm3, and an 
annual arithmetic mean of 15 pg/m3. The federal 24-hour standard is attained 
when 98 percent of the daily concentrations, averaged over three years, are 
equal to or less than the standard. 

The Federal Reference Method (FRM) for the determination of PM in the 
atmosphere is described in Title 40, Code of Federal Regulations, Part 50. 
Appendix L describes the method for PM 2.5, and Appendix M describes the 
method for PMIO. In accordance with federal procedures, staff recommends 
adoption of the FRM for PM2.5 and PM10 as a sampling method for California. 

Section 39606(d)(2) of the Health and Safety Code specifies that “standards shall 
be established at levels that adequately protect the health of the public, including 
infants and children, with an adequate margin of safety.” Because federal 
standards were not established in consideration of this specification, separate 
State standards may be needed. Also, results from a comprehensive review of 
the scientific literature conducted by ARB and OEHHA staff showed that 
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significant adverse health effects can occur from exposure to PM at levels near 
and below the federal standards. Stricter State standards are needed to protect 
the health of Californians and meet the requirements of the Children’s 
Environmental Protection Act. 

AVAILABlLlTY OF DOCUMENTS AND CONTACT PERSON 

The Board staff has prepared a Staff Report: initial Statement of Reasons (BSOR) 
for the Proposed Regulatory Action, which includes a summary of the 
environmental impacts of the proposal. 

Copies of the Staff Report and the full text of the proposed regulatory language, 
in underline and strikeout format to allow for comparison with the existing 
regulations, may be accessed on the ARB’s web site listed below, or may be 
obtained from the Public Information Office, 4ir Resources Board, ?QQl 1 Street, 
Environmental Resources Center, 1” Floor, Sacramento, CA 958q4, 
(916) 322-2990 at least 45 days prior to the scheduled hearing. Upon its 
completion, the Final Statement of Reasons (FSOR) will be available and copies 
may be requested from the agency contact persons in this notice, or may be 
accessed on the ARB’s web site listed below. 

Further inquiries concerning the substance of the proposed regulation may be 
directed to the designated agency contact persons, Mr. Richard Bode,. Chief, 
Health and Exposure Assessment Branch, (916) 323-8413, or Dr. Linda Smith, 
Manager, Health and Ecosystems Assessment Section, (916) 327-8225. 

Further, the agency representative and designated back-up contact persons to 
whom procedural inquiries concerning the proposed administrative action may be 
directed are Artavia Edwards, Manager, Board Administration & Regulatory 
Coordination Unit, (916) 322-6070, or Marie Kavan, Regulations Coordinator, 
(916) 322-6533. The Board staff has compiled a record for this rulemaking 
action, which includes all the information upon which the proposal is based. This 
material is available for inspection at the ARB during regular business hours 
upon request to the contact persons. 

If you are a person with a disability and desire to obtain this document in an 
alternative format, please contact the Air Resources Board ADA Coordinator at 
(916) 323-4916, or TDD (916) 324-9531, or (800) 700-8326 for TDD calls outside 
the Sacramento area. 

This notice, the ISOR and all subsequent regulatory documents, JncSuding the 
FSOR when completed, will be available on the ARB Internet site for this 
rulemaking at www.arb.ca.oov/reqact/aaqspm/aaqspm.htm and also at 
www.arb.ca.qov/research/aaqs/std-rslstd-rs.htm. 
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COSTS TO PUBLIC AGENCIES AND TO BUSINESSES AND PERSONS 
AFFECTED 

The determinations of the Board’s Executive Officer concerning the costs or 
savings necessarily incurred in reasonable compliance with the proposed 
regulations are presented below. 

Pursuant to. Government Code sections 113465(a)(5) and 11346.5(a)(6), the 
Executive Officer has determined that the proposed regulatory action will not 
create costs or savings to any state agency or in federal funding to the state, 
costs or mandate to any local agency or school district whether or not 
reimbursable by the State pursuant to part 7 (commencing with section 17500), 
division 4, title 2 of the Government Code, or other non-discretionary savings to 
State or local agencies. Because ambient air quality standards simply define 
clean air (see sections 39606 and 39014 of the Health and Safety Code), they 
will have no economic or fiscal impacts- Once ambient standards are adopted by 
the ARB, local air pollution control or air quality management districts and the 
Board develop rules and regulations to control air emissions from numerous 
source categories in order to attain the health-based ambient standards. A 
number of different emission standards and control measures are possible, and 
each will have its own economic or fiscal impact. These impacts must be 
evaluated when each control measure is proposed. Any economic or fiscal 
impacts associated with the imposition of future measures will be considered by 
the adopting regulatory agency in a public forum when specific measures are 
proposed. 

In developing this regulatory proposal, the ARB staff evaluated the potential 
economic impacts on representative private persons or businesses. Because the 
adoption of a health-based ambient standard does not include the imposition of 
control measures to achieve that standard, the ARB has determined that there 
are no cost impacts that a representative private person or business would 
necessarily incur in reasonable compliance with the proposed action. 

The Executive Officer has made an initial determination that the proposed 
regulatory action will not have a significant statewide adverse economic impact 
directly affecting businesses, including the ability of California businesses to 
compete with businesses in other states, or on representative private persons. 
Although the proposed regulatory action will not result in increased costs to the 
State, future regulations will be necessary to achieve or maintain the proposed 
standards. When the ARB proposes to adopt such regulations, any associated 
costs would need to be explained in accordance with statutory requirements and 
will be justified by the benefit to human health, public welfare, or the 
environment- 

In accordance with Government Code section 11346.3, the Executive Officer has 
determined that the proposed regulatory action will have no significant impacts 
on the creation or elimination of jobs within the State of California, no significant 
impacts on the creation of new businesses and the elimination of existing 
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businesses within the State of California, and no significant impacts on the 
expansion of businesses currently doing business within the State of California. 

The Executive Officer has also determined, pursuant to Government Code 
section 113465(a)(3)(B), that the proposed regulatory action will not affect small 
businesses, because ambient air quality standards simply define clean air, and 
therefore have no economic impact. 

Before taking final action on the proposed regulatory action, the Board must 
determine that no alternative considered by the agency or that has otherwise 
been identified and brought to the attention of the agency would be more 
effective in carrying out the purpose for which the action is proposed or would be 
as effective and less burdensome to affected private persons than the proposed 
action. 

SUBMITTAL OF COMMENTS 

The public may present comments relating to this matter orally or in writing at the 
hearing, and in writing or by e-mail before the hearing. To be considered by the 
Board, written submissions not physically submitted at the hearing must be 
received no later than 12:OO noon, June 19,2002, and addressed to the 
following: 

Postal mail is to be sent to: 

Clerk of the Board 
Air Resources Board 
1001 “I” Street, 23’d Floor 
Sacramento, California 95814 

Electronic mail is to be sent to: aaqspm@listserv.arb.ca.qov 
and received at the ARB no later than 12:OO noon, June 19, 2002. 

Facsimile transmissions are to be transmitted to the Clerk of the Board at 
(916) 322-3928 and received at the ARB no later than 42:00 noon 
June 19,2002. 

The Board requests but does not require that 30 copies of any written statement 
be submitted and that all written statements be filed at least IO days prior to the 
hearing so that ARB staff and Board Members have time to fully consider each 
comment. The ARB encourages members of the pubk to bring to the attention 
of staff in advance of the hearing any suggestions for modification of the 
proposed regulatory action. 
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STATUTORY AUTHORITY AND REFERENCES 

This regulatory action is proposed under that authority granted in Health and 
Safety Code sections 39600, 39601 and 39606. This action is proposed to 
implement, interpret and make specific Health and Safety Code sections 39014, 
39602,39606(b), 39701,39703(f), and 57004. 

HEARING PROCEDURES 

The public hearing will be conducted in accordance with the California 
Administrative Procedure Act, title 2, division 3, part 1, chapter 3.5 (commencing 
with section 11340) of the Government Code. 

Following the public hearing, the Board may adopt the regulatory language as 
originally proposed, or with non-substantial or grammatical modifications. The 
Board may also adopt the proposed regulatory language with other modifications 
if the text as modified is sufficiently related to the originally proposed text that the 
public was adequately placed on notice that the regulatory language as modified 
could result from the proposed regulatory action. Such substantive modifications 
may include: modifying the definition of a specific pollutant; setting the ambient 
air quality standards at different levels than proposed; or adopting different 
measurement methods or averaging times than proposed. If the Board approves 
any substantive changes to the originally-proposed regulations, the full regulatory 
text, with the modifications clearly indicated, will be made available to the public, 
for written comment, at least 15 days before it is adopted. 

The public may request a copy of the modified regulatory text from the ARB’s 
Public Information Office, Air Resources Board, 1001 “I” Street, Environmental 
Services Center, lSt Floor, Public Information Office, Sacramento, CA 95814, 
(916) 322-2990. 

CALIFORNIA AIR RESOU,RCES BOARD 

Michael P. Kenn 
Executive Office 

Date: April 23, 2002 

The energy challenge facing California is real. Every Californian needs to take immediate action to reduce 
energy consumption. For a list of simple ways you can reduce demand and cut your energy costs see our 
Web -site at ~v\t:w.arh.ca.eo\~. 
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AAQS ambient air quality standard(s) 

Aethelometer an instrument to measure iight absorption 

AL alveolar 

ARB Air Resources Board 

BAM beta attenuation monitor 

CAAM continuous ambient air monitor 

CAC correlated acceptable continuous 

CAS California approved sampler 

CFR Code of Federal Regulations 

C.B. confidence interval, a statistical measure of the interval in which the true 
value of an estimate is likely to be found 

Coarse Patiicies pat-ticies with an aerodynamic diameter between 2.5 and IO micrometers 
(microns), also referred to as the coarse fraction, or PMIQ-PM25 

COH coefficient of haze, a measurement of particle light absorption that was 
historically used as a surrogate for suspended particle mass. A COH 
instrument draws a known volume of air through a paper filter, then 
reports the change in light transmittance between a clean filter and the 
filter with aerosol deposit as though it were a transmittance measurement 
over a path, equal to the filtered volume divided by the filter area. COH / 
3 000 ft = (log,, (lo/!,) * 10,000) / L where lo is the clean filter transmittance, 
I, is the transmittance of the filter with aerosol deposit, and L equals the 
filtered volume divided by the filter area expressed in feet. 

COPD chronic obstructive pulmonary disease 

DEP diesel exhaust particle 

DOP dioctyl phthalate 

ESP electrostatic precipitator 

ETS environmental tobacco smoke 

ET extrathoracic, referring to the upper respiratory tract 

Extinction the reduction of the intensity of a beam of light as it propagates through a 
transmitting medium: (lo-1,)/10 where I0 and I, are the beam intensity at the 
beginning and end, respectively, of the transmittance path 

Extinction Coefficient natural logarithm of extinction per unit distance. The Extinction Coefficient 
is defined as Bext in the following equation: Bext= - In ((lo-1,)/10) / d where I0 
and I? are beam intensity at the beginning and end, respectively, of the 
transmittance path and d is the length of the path 

FDMS 

FEM 

FEV, 

filter dynamics measurement system 

federal equivalent method 

forced expiratoty volume in one second, a measure of lung function 

X 
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Fine Particles 

FRM 

FVC 

HRV 

ICAM 

Ipm 

LRS 

Mie Scattering 

PM2.5, or particulate matter with a mean aerodynamic diameter of 2.5 
micrometers (microns) or less 

federal reference method 

forced vital capacity, a measure of lung function 

heart rate variability, a measure of the heart’s ability to respond to stress 

intercellular adhesion molecule, involved in directing movement of 
immune cells to the site of injury or inflammation 

liters per minute 

lower respiratory symptoms 

light scattering by particles with diameters near the wavelength of the light 
(O.lk to lOA.>. Mie scattering is the dominant cause of visible atmospheric 
haze. 

MMEF mid-maximal expiratory flow, a measure of lung function 

NAAQS National Ambient Air Quality Standard 

Nephelometer an instrument to measure light scattering in air. 

nm nanometer, or one billionth of a meter 

NOa nitrogen dioxide 

NO, oxides of nitrogen, which includes nitric oxide (NO), nitrogen dioxide 
(NO,), and other oxides of nitrogen 

NO, total reactive nitrogen 

Odds Ratio (OR) a measure of association between an exposure and disease. An odds 
ratio of one indicates no association, while odds ratios greater than one or 
less than one indicate positive and negative associations between the 
exposure and disease, respectively 

OEHHA Ca!i?omia Ofice of Environ.menta! Hea!fh Hazard Assessment 

PEF peak expiratory flow, a measure of lung function 

FM particulate matter 

PM10 particulate matter with an aerodynamic diameter of IO micrometers 
(microns) or less 

PM2.5 particulate matter with an aerodynamic diameter of 2.5 micrometers 
(microns) or less, also referred to as fine particles 

PMNs polymorphonuclear cells, a class of white blood cells involved in acute 
inflammatory response 

RAAS reference ambient air monitor 

Rayleigh Scattering light scattering by atmospheric gases. Rayleigh scattering decreases as 
the fourth power of wavelength. In pure air, blue light (A = 400 nm) is 
scattered 9 times more efficiently than red light (h = 700 nm). 

Relative Risk (RR) a measure of association between an exposure and disease. A relative 
risk of one indicates no association, while relative risks greater than one 

xi 
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REM 

RMSSD 

SBP 

ssc 

SDNN 

SDANN 

SES 

so2 

so, 

SSI 

TB 

TEOM 

Transmissometer 

TSP 

Ultrafine Particles 

Visual Range (V,) 

vscc 

U.S. EPA 

Kl 

vg/m3 

pm 

or less than one indicate positive and negative assatiations between the 
exposure and disease, respectively. 

regional equivalent monitor 

root mean square successive differences, a measure of heart rate 
variability. More specifically, this measure is the square root of the mean 
of the sum of squares of differences between adjacent normal beats over 
the whole electrocardiographic recording. 

systolic blood pressure 

sharp cut cyc!one 

standard deviation of ali normal R-R intervals, a measure of heart rate 
variability 

standard deviation of all normal R-R intervals of successive 5minute 
periods, a measure of heart rate variability 

sampler equilibration system 

sulfur dioxide 

oxides of sulfur, which includes sulfur dioxide (S02) and sulfur trioxide 
C-=3) 

size selective inlet 

tracheobronchial, referring to the conducting airways from the trachea 
through the bronchioles 

tapered element oscillating microbalance 

an instrument to measure light extinction in air 

total suspended particles, a measure of airborne particles of all sizes 

particles with an aerodynamic diameter less than 0.1 micrometer (100 
nanometers) 

the greatest distance at which a black target can be distinguished from 
the background sky around the majority of the horizon circle 

very sharp cut cyclone 

United States Environmental Protection Agency 

microgram, or one millionth of a gram 

micrograms per cubic meter 

micrometer (micron), or one millionth of a meter 
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In this report, the staff of the Air Resources Board proposes amendments to the state 
Ambient Air Quality Standards (AAQS) for particulate matter. The potential health impacts 
from exposure to particulate matter (PM) air pollution are significant. Health effects associated 
with PM exposure include: premature mortality, increased hospital admissions for 
cardiopulmonary causes, acute and chronic bronchitis, asthma attacks and emergency room 
visits, respiratory symptoms, and days with some restriction in activity. These adverse health 
effects have been reported primarily in infants, children, the elderly, and those with pre- 
existing cardiopulmonary disease. 

The Children’s Environmental Health Protection Act (Senate Bill 25, Senator Martha Escutia; 
Stats. 1999, Ch. 731, Sec. 3) requires the Air Resources Board (ARB or Board), in 
consultation with the Office of Environmental Health Hazard Assessment (OEHHA), to “review 
all existing health-based ambient air quality standards to determine whether, based on public 
health, scientific literature, and exposure pattern data, these standards adequately protect the 
health of the public, including infants and children, with an adequate margin of safety” (Health 
& Safety Code section 39606(d)(l)). In December 2000, as a result of that requirement, the 
AR6 approved a joint ARWOEHHA staff report (ARB and OEHHA, 2000) that contained 
preliminary reviews of all of the health-based California ambient air quality standards. These 
reviews were not exhaustive, but were narrowly targeted to two purposes: (1) to determine 
whether the existing ambient air quality standards adequately protect the health of the public, 
including infants and children, with an adequate margin of safety; and (2) to prioritize for full 
review those standards determined not to adequately protect public health (Health & Safety 
Code section 39606(d)(l) and (2)). 

The staff recommended, and the Board concurred, that among several standards deemed 
possibly inadequate, the existing standards for particulate matter less than IO micrometers in 
aerodynamic diameter (PMIO) should be the first to undergo full review. This 
recommendation was based on the assessment that almost everyone in California is exposed 
to levels at or above the current State PM10 standards during some parts of the year, and 
that the statewide potential for significant health impacts associated with PM exposure was 
determined to be large and wide-ranging. Finally, the staff recommended, and the Board 
concurred, that the standard for sulfates be reviewed concurrently with the PM10 standards 
since sulfates are a component of particulate matter. 

This report presents the findings and recommendations of a joint ARB/OEHHA review of the 
health and scientific literature on PM and sulfates, as well as exposure pattern data for PM 
and sulfates in California. The proposed amendments to the AAQS for particulate matter are 
based on a health effects review and recommendations from OEHHA. The scientific review 
suggests the need for separate standards for PM2.5 (particulate matter less than 2.5 
micrometers in aerodynamic diameter) in addition to revising the standards for PM10 to make 
them more health protective. The review also concluded that the standard for sulfates should 
be retained. 

In accordance with Health & Safety Code section 57004, the proposed amendments were 
peer reviewed by the Air Qualitj: Advisory’ Committee (AQAC), an external scientific peer 
review committee, comprised of world-class scientists in the PM field and appointed by the 
Office of the President of the University of California. 

As part of the review process, a joint ARB/OEHHA staff report entitled “Review of the 
California Ambient Air Quality Standards for Particulate Matter and Sulfates” was submitted to 
the AQAC for their review. This report, containing recommendations for revising the PM 
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standards, was released to the AQAC and the public on November 30, 2001. Public 
workshops to receive community input on the proposal to review the standards were held 
during December 2001 in Sacramento, Oakland, Bakersfield, El Monte, Mira Loma, and 
Huntington Park. 

The AQAC met on January 23 and 24, 2002, to review the scientific basis of the 
recommendations and comments received from the public The AQAC’s major findings were 
that the recommendations for amending the PM standards in the November 30, 2001 report 
were based upon sound scientific knowledge, methods, and practices and supported by the 
scientific literature. However, the AQAC did not concur with the lack of a recommendation for 
a 24-hour standard for PM25 The AQAC concluded that there was adequate information in 
the scientific literature and in the studies reviewed in the November 30, 2001 report to support 
a 24-hour standard for PM2.5. The AQAC requested staff to develop a proposal to establish 
a 24-hour PM2.5 standard and to incorporate it into the overall staff recommendation. In 
response, staff from ARB and OEHHA developed a proposal entitled “Draft Proposal to 
Establish a 24-hour Standard for PM2.5, Report to the Air Quality Advisory Committee.” This 
draft proposal and associated public comments were reviewed and approved by the AQAC at 
its meeting on April 3, 2002. Following that AQAC meeting, the staff report was revised to 
incorporate the proposal to establish a 24-hour PM25 standard along with written and oral 
comments received from the AQAC and the public. 

Proposed Amendments to the Ambient Air Quality Standards for Particulate Matter: 

The proposed amendments to the standards are largely based on results from 
epidemiological studies in hundreds of cities. These studies indicate strong associations 
between both long- and short-term exposure to PM and a variety of adverse health effects, as 
described above. California ambient air quality standards have four elements (see Health 
and Safety Code section 39014, and title 17, California Code of Regulations, sections 70100 
and 70200): (A) definition of the air pollutant, (2) an averaging time, (3) a pollutant 
concentration, and (4) a monitoring method to determine attainment of the standard. Staff’s 
recommendations for amending the ambient air quality standards for PM and sulfates are 
summarized below. 

Pollutant, Concentrations and Averaging Times: 

l PM10 Annual-Averaqe Standard - Lower the annual-average standard for PM10 from 
30 micrograms per cubic meter (pg/m3) to 20 pg/m3, not to be exceeded. Revise the 
averaging method from an annual geometric mean to an annual arithmetic mean. This 
recommendation is based on the results of numerous epidemiological studies which have 
found associations between long-term PM10 exposure and adverse health effects, such 
as mortality and morbidity from cardiopulmonary causes. 

l PM1 0 24-hour-Averaqe Standard - Retain the 24-hour-average standard for PM10 at 
50 pg/m3, not to be exceeded. 

l PM25 Annual-Averaqe Standard - Establish a new annual-average standard for PM2.5 at 
12 pg/m3, not to be exceeded. Establish the new PM25 standard as an annual 
arithmetic mean. This recommendation is based on a growing body of epidemiological 
and toxicological studies showing significant toxicity (resulting in mortality and morbidity) 
related to exposure to fine particles. 

. PM2.5 24-hour-Averaqe Standard - Establish a new 24-hour-average standard for PM2.5 
at 25 pg/m3, not to be exceeded. This recommendation is based on epidemiological 
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studies showing associations between ambient PM25 levels and mortality and morbidity 
resulting from cardiopulmonary causes. 

Q Sulfates 24hour-Averaqe Standard - Retain the 24-hour-average standard for sulfates at 
25 pg/m3. 

Monitoring Methods, Samplers, and Instruments: 

0 PM10 Monitorinq Method - Adopt the Federal Reference Method (FRM) for PM10 as the 
method for California. 

a PM2.5 Mdnitorinq Method - Adopt the Federal Reference Method (FRM) for PM25 as the 
method for California. 

e Continuous PM Samplers - Adopt those continuous PM samplers which have been found 
to be suitable for determining compliance with the state PM16 and PM25 AAQS, and 
designate them as California approved samplers (CAS). 

l Sulfates Monitorinq Method - Revise the sulfates monitoring method by deleting the 
current total suspended particle (TSP) sulfates method, ARB method MLD 033, and 
replacing it with the existing ARB method for PM1 0 sulfates, ARB method MLD 007. 

Health Benefits: 

The health benefits from attaining the proposed standards are substantial. For example, a 
quantitative risk assessment estimated that attainment of the proposed annual PM10 
standard from current ambient levels would result in a reduction of approximately 6,500 cases 
(3,200 - 9,800 for a 95 percent confidence interval (95% Cl)) of premature mortality per year. 
This estimate -is based on the assumpti’on that mortaiity is primarily associated with exposure 
to PM25 rather than with the coarse PM fraction. Estimated annual reductions in 
hospitalizations related to attaining the proposed PM1 0 standards are 1,200 (66-2,300, 95% 
Cl) for chronic obstructive pulmonary disease, 1,700 (760-2,600, 95% Cl) for pneumonia, 
3,100 (2,500-3,600, 95% Cl) for cardiovascular causes, and 960 (400-1500, 95% Cl) for 
asthma. Among children ages 7 to 14, attainment of the PM1 0 standard is estimated to result 
in about 389,000 (I 61,000 -573,000, 95% Cl) fewer days of lower respiratory symptoms per 
year. Of these, approximately half of the days of lower respiratory symptoms may be 
associated with attainment of the proposed PM25 standard. 

Other Recommendations: 

* Staff recommends that the standards for PM and sulfates be revisited within five years, to 
evaluate new evidence regarding the health effects associated with averaging time, 
particle size, chemistry, and concentration. 

0 Staff also recommends that further scientific information be gathered and research be 
conducted into the health effects of short-term exposures to PM, especially effects from 
less than 24-hour exposures. This information should be considered when staff revisits 
the PM standards to determine if AAQS with averaging times of less than 24 hours would 
be appropriate. 

EnvironmentaB and Economic impacts: 

The proposed ambient air quality standards ,will in and of themselves have no environmental 
or economic impacts. Standards simply define acceptable air quality. Local air pollution 
control or air quality management districts (Districts) are responsible for the adoption of rules 
and regulations to control emissions from stationary sources, while the Board is responsible 
for controls related to mobile sources. A number of different control measures are possible, 
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and each will have its own environmental and economic impacts. These impacts will be 
evaluated when specific control measures are proposed by the ARB or the Districts. 

Environmental Justice Concerns: 

State law defines environmental justice as the fair treatment of people of all races, cultures, 
and incomes with respect to the development, adoption, implementation, and enforcement of 
environmental laws, regulations, and policies. Ambient air quality standards define clean air, 
therefore, all of California’s communities will benefit from the proposed health-based 
standards. 

Comment Period and Board Hearing: 

Release of this staff report opens the official 45day comment period required by the 
Administrative Procedure Act. Please direct all comments to either the following postal or 
electronic mail address: 

Clerk of the Board 
Air Resources Board 
1001 “I” Street, 23ti Floor 
Sacramento, California 95814 
aaqspm@,listser-v.arb.ca.qov 

To be considered by the Board, written submissions not physically submitted at the hearing 
must be received at the ARB no later than 1 ZOO noon, June 19, 2002. 

Public workshops are scheduled for June 2002 to present the recommendations and receive 
public input on the Report. information on these workshops, as well as summaries of the 
presentations from past workshops and meetings are available by calling (916) 4450753 or 
at the following ARB website: www.arb.ca.gov/research/aaqs/std-rs/std-rshtm. 

The final recommendations for revising the PM and sulfate standards will be presented to the 
Board at a public hearing scheduled for June 20, 2002. 

The staff recommends that the Board adopt the proposed amendments to the Ambient Air 
Quality Standards for Particulate Matter and Sulfates. The proposed amendments and their 
basis are described in detail in this staff report. 

I .I References 
Air Resources Board and Office of Environmental Health Hazard Assessment (2000). 

Adequacy of California Ambient Air Quality Standards: Children’s Environmental Health 
Protection Act. Staff Report. Sacramento, CA. Available at 
http://www.arb.ca.gov/ch/ceh/airstandards.htm. 
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Particulate matter (PM) is a complex mixture of suspended particles and aerosols composed 
of small droplets of liquid, dry SOIL ‘A fragments, and so!id cores with ?iquid coatings. Particles 
vary widely in size, shape and chemical composition, and may contain inorganic ions, metallic 
compounds, elemental. carbon, organic compounds, and compounds from the earth’s crust. 
PM may be either directly emitted into the atmosphere (primary particles) or formed there by 
chemical reactions of gases (secondary particles) from natural or man-made (anthropogenic) 
sources such as S02, NOx, and certain organic compounds. PM is a public health concern 
because it can be inhaled into the upper airways and lungs, with the amount inhaled directly 
related to size and shape. Detailed discussions on exposure and associated adverse human 
health effects are presented in Sections 6 and 7, respectively. 

To protect public health, the Air Resources Board (ARB or Board) previously adopted three 
ambient air quality standards for particulate matter: an annual-average standard for 
particulate matter less than IO micrometers in diameter (PMIO), a PM10 24-hour-average 
standard, and a sulfates 24hour-average standard. This report presents the findings and 
recommendations of a joint review by the ARB and the Office of Environmental Health Hazard 
Assessment (OEHHA) of the health and scientific literature on PM and sulfates, as well as 
exposure pattern data for PM and sulfates in California. Based on the results of that review, 
staff proposes amendments to the PM standards to ensure that they continue to adequately 
protect public health. The proposed amendments to the PM standards are based on 
recommendations from OEHHA. The scientific review suggests the need for separate annual 
and 24 hour standards for PM25 (particulate matter 2.5 micrometers or less in aerodynamic 
diameter) in addition to revising the annual standard for PM10 to ensurepublic health 
protection. The review concludes that the sttindard for sulfates’ should be retained, although 
staff recommends a change in the monitoring method to expand monitoring capabilities in the 
State. 

2.1 Setting California Ambient Air Quality Standards 
Section 39606(a)(2) of the Health and Safety Code authorizes the ARB to adopt standards for 
ambient air quality “in consideration of public health, safety, and welfare, including, but not 
limited to, health, illness, irritation to the senses, aesthetic value, interference with visibility, 
and effects on the economy”. 

Ambient air quality standards (AAQS) represent the legal definition of clean air. They specify 
concentrations and durations of exposure to air pollutants that reflect the relationships 
between the intensity and composition of air pollution and undesirable effects (Health and 
Safety Code section 39014). The objective of an AAQS is to provide a basis for preventing or 
abating adverse health or welfare effects of air pollution (title 17, California Code of 
Regulations, section 70101). 

Ambient air quality standards should not be interpreted as permitting, encouraging, or 
condoning degradation of present air quality that is superior to that stipulated in the 
standards. Rather, standards represent the minimum acceptable air quality. An AAQS 
adopted by the Board is implemented, achieved, and maintained by the adoption and 
implementation of control measures through rules and regulations that are separate from the 
standard itself. These rules and regulations are primarily, though not exclusively, emissions 
limitations that apply to specific source categories of pollutants established by the regional 
and local air pollution control and air quality management districts for stationary sources, and 
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by the Board for vehicular sources (see generally, Health and Safety Code-sections 39002, 
40000, and 40001). 

California law specifies that standards be health based, although welfare effects are also 
considered. Health-based standards are predicated on a review of health science literature, 
and are to be based on the recommendation of OEHHA (Health and Safety Code section 
39606(a)(2)). Standards are set to ensure that sensitive population sub-groups are protected 
from exposure to levels of pollutants that may cause adverse health effects. In addition, 
OEHHA is to assess the following considerations for infants and children in its 
recommendation (Health and Safety Code section 39606(b)): 

l Exposure patterns among infants and children that are likely to result in disproportionately 
high exposure to ambient air pollutants in comparison to the general population- 

* Special susceptibility of infants and children to ambient air pollutants in comparison to the 
general population. 

l The effects on infants and children of exposure to ambient air pollutants and other 
substances that have a common mechanism of toxicity. 

l The interaction of multiple air pollutants on infants and children, including the interaction 
between criteria air pollutants and toxic air contaminants. OEHHA’s assessment of these 
considerations is to follow current principles, practices, and methods used by pubiic health 
professionals. 

In accordance with Health & Safety Code section 57004, the proposed amendments were 
peer reviewed by the Air Quality Advisory Committee (AQAC), an external scientific peer 
review committee, comprised of world-class scientists in the PM field and appointed by the 
Office of the President of the University of California. Under Health and Safety Code section 
57004(d)(2), the committee prepares a written evaluation of the staff report that describes the 
scientific basis of the proposed ambient air quality standard. A description of the AQAC 
review of the proposed standards for particulate matter and sulfates follows later in this 
chapter. The findings of the Air Quality Advisory Committee can be found in Appendix 2. 

2.2 Current California Ambient Air Quality Standards for Particulate 
t’v”lattei md Si.iEates 

2.2.1 Particulate Matter, 24-hour and Annual Averages 

The current California ambient air quality standards for PM10 are 50 micrograms per cubic 
meter (pg/m3) for a 24-hour average and 30 pg/m3 for an annual geometric mean. Both values 
are not to be exceeded. Both standards were adopted by the ARB in 1982 (ARB 1982). They 
were based on recommendations from the Department of Health Services (at the time, the 
Department of Health Services fulfilled the role in ambient air quality standard setting now 
assigned to the OEHHA). The standards were based on studies indicating a significant 
association between particulate pollution and excess mortality, increased symptoms of 
respiratory disease in persons with chronic bronchitis and asthma, respiratory functional 
impairment, and increases in respiratory illness among school children. Evidence from short- 
term exposure studies indicated that effects were evident at concentrations as low as 
70 pg/m3 total suspended particulate (TSP) and at 60 pg/m3 British smoke. These 
concentrations are equivalent to PM10 concentrations of approximately 41 to 60 pg/m3, 
respectively. The Department recommended a 24-hour standard of 50 pg/m3, which was 
approximately the mid-point of the range of values noted above. It was also essentially neither 
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a relaxation nor tightening of the previous 24-hour TSP standard when converted to an 
equivalent PM1 0 concentration. 

The range of values at which long-term effects (effect‘s on pulmonary function and increased 
respiratory illness) were observed was approximately 50 to 177 pg/m3 when TSP was 
converted to PMIO. Another chronic health effect of concern was cancer. The epidemiological 
studies reviewed did not establish a relationship between cancer and community air pollution, 
although known carcinogens were recognized in community air at that time. The Department 
of Health Services concluded that a particle standard should not only protect the public 
against pulmonary function health effects, but also to some degree serve as a surrogate 
measure for ‘protection against cancer. Until more substantial evidence concerning cancer 
was available, the Department of Health Services believed that the long-term standard should 
not be a relaxation of the TSP standard. An annual geometric mean of 30 pg/m3 (IO pm 
diameter) was approximately equivalent to the former annual TSP standard when corrected to 
PMIO. 

2.22 Suhtes, 24-hour Average 

The current California ambient air quality standard for sulfates was established in 1976 at 25 
pglm3 as a 24-hour average (ARB, q976). The need for a sulfates standard was based on 
concern that a natural gas shortage would lead to greater use of fuel oil containing higher 
levels of sulfur, which would result in increases in ambient sulfate levels, particularly in the 
South Coast Air Basin. The small body of scientific literature available suggested that the 
projected concentrations of sulfates posed health risks, further raising concerns. 

The 1976 sulfates standard was based on a critical harm value methodology so that public 
health could be protected, even though there was insufficient information available at the time 
to set a standard according to the usual threshold model: The concentration selected, 25 
,ug/m3, was the midpoint between an upper bound of 33 pg/m3 based on analysis of industrial 
exposures, and a lower bound of IO pg/m3 derived from the few epidemiological studies 
available. The midpoint of the range was selected as opposed to the lower bound because of 
uncertainties in the epidemiologicai data related to the adequacy of the statisticai models 
used for the analyses, and whether potential confounding factors had been adequately 
controlled. 

At the time the sulfates standard was promulgated, in 1976, it was known that’there were 
differences in the sulfate concentrations reported from collocated samplers that used different 
methods of collection and analysis (ARB, 1976). The Board decided the use of glass filters to 
collect 24-hour high-volume total suspended particle samples was the most practical method 
to use. They were also unable to identify a suitable size-segregating collection device. 

In 1977, the ARB conducted a subsequent review of the sulfate standard and monitoring 
methodology (ARB 1977). The review indicated that the variability of sulfate data between 
different types of glass-fiber filters may be due in part to a sulfate artifact which ranged from 1 
to 8 pg/m3, depending on which filter types were used. After the review in 1977, and because 
other methodologies based on respirable particles (e.g. PMIO) were not yet developed, no 
changes were recommended to the monitoring methods and the level of the standard was 
a!so reaffirmed (ARE: ?97?).!t should be noted that the uncertainty of the exposure estimates 
does not impact the sulfate standard. The 1976 standard recommendation, affirmed by the 
1977 review, was neither directly based on industrial health nor epidemiologic studies. 
Rather, since the standard was based on a critical harm level methodology, the uncertainties 
in the monitoring data did not enter into selection of the concentration for the standard. 

2-3 



34 

2.3 Review of the California Ambient Air Quality Standards 
2.3.1 Review Schedule 

The Children’s Environmental Health Protection Act (Senate Bill 25, Escutia, Stats. 1999, Ch. 
731 section B; Health and Safety Code section 39606) required the Board, in consultation 
with the OEHHA, to evaluate all health-based standards by December 31, 2000, to determine 
whether the standards were adequately protective of the health of the public, including infants 
and children (Health and Safety Code section 39606(d) and (e)). Standards deemed possibly 
not protective were prioritized for full review. If the standard is found during the full review to 
be inadequate, the standard will be revised. The Act requires that the highest priority standard 
be reviewed and, if necessary, revised no later than December 31, 2002. Additional standards 
where health protection, particularly for infants and children, may not be sufficient are to be 
reviewed, and revised as necessary, at the rate of at least one standard per year (Health and 
Safety Code section 39606(d)(2)). Regulations also require the review of standards whenever 
substantial new information becomes adopted by the ARB pertaining to ambient air quality 
standards available, and at least once every five years (title 17, California Code of 
Regulations, section 70101). 

In the report on the adequacy of the standards (ARB and OEHHA, 2000), the Board found 
that health effects may occur in infants, children, and other groups of the population exposed 
to several pollutants at or near levels corresponding to current standards. The standard with 
the highest priority for review is PM10 including sulfates. Other standards with a high priority 
for review include ozone and nitrogen dioxide. Standards with a lower priority for review are 
carbon monoxide, sulfur dioxide, hydrogen sulfide, and lead. 

After extensive review of the scientific literature, ARB and OEHHA staff developed the staff 
report titled “Review of the California Ambient Air Quality Standards for Particulate Matter and 
Sulfates, Report to the Air Quality Advisory Committee” (ARB, 2001 a). This report, which was 
released November 30, 2001, contained the proposed PM and sulfate standards. As 
described in the following section, the public was afforded an opportunity to comment on and 
participate in the standard setting process. 

2.3.2 Public Outreach 
- . . 
t+X~Iic outreach for the standard review invoived dissemination of information through various 
outlets to include the public in the regulatory process. In an ongoing effort to include the 
public in the review of the PM standards, the ARB and OEHHA integrated outreach into public 
meetings, workshop presentations, electronic “list set-v” notification systems, and various web 
pages. Notification of release of the staff report, the schedule for public meetings and 
workshops, and invitations to submit comments on the staff report were made through the “list 
set-v” notification system. The notices gave information on where, when and how materials 
relating to the PM and sulfates standards reviews was available, and how interested persons 
could participate in the standards review process. Public workshops on the proposed PM and 
sulfates standards were held in December 2001 in Oakland, Sacramento, Bakersfield, Mira 
Loma, El Monte, and Huntington Park. Additional public workshops on the proposed 
standards are scheduled for June 2002. 

In addition, public meetings of the Air Quality Advisory Committee (AQAC) were held in 
Berkeley on January 23 and 24, 2002, and in Oakland on April 3, 2002 (described below). 
The public was invited to submit comments to the committee before and during these 
meetings. 

Individuals or parties interested in signing up for an electronic e-mail “list-serv” notification on 
the PM standards, as well as any air quality-related issue, may self-enroll at the following 
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location: www.arb.ca.qovilistserviaaqs/aaqs.htm. Additionai information on the standards 
review process is also available at the PM standards review schedule website at: 
www.arb.ca.qov/research/aaqs/std-rsktd-rs.htm. 

2.3.3 Air Qualify Advisory Committee Review and Public Comments 

The Air Quality Advisory Committee, an external scientific peer review committee that was 
appointed by the President of the University of California, met January 23 and 24, 2002 to 
review the initial staff report and public comments, and to ensure that the scientific basis of 
the recommendations for the annual PMIO and PM25 standards and the 24-hour PMlO 
standard are based upon sound scientific knowledge, methods, and practices. Although the 
AQAC approved the scientific underpinning of the recommendations, finding that the changes 
proposed for the AAQS were appropriate, the AQAC also concluded that the staff report, 
which lacked a recommendation for a 24-hour PM25 standard, needed to be revised to 
incorporate such a recommendation. In response, staff from ARB and QEHHA released an 
update to the staff report titled “Draft Proposal to Establish a 24-hour Standard for PM2.5, 
Report to the Air Quality Advisory Committee.” This proposed recommendation and 
associated pub!ic comments were reviewed and approved by AQAC on April 3, 2002. 

Following the April 3rd AQAC meeting, the draft report was revised to reflect comments 
received from AQAC and to address comments made by the public. These comments, both 
written and oral, have been summarized, responded to and incorporated when appropriate 
into this Staff Report. A summary of the comments, and ARBDEHHA responses is provided 
in Appendices 2 and 3. The comments ranged in scope and detail, and included procedural 
issues related to the standards-setting process, editorial issues, and requests that a particular 
reference be included. Other concerns related to control issues, natural PM background, the 
statistical form of the standards, and. attainment designations Another group of questions 
addressed the epidemiological models used, and the interpretation and application of the 
scientific literature. Each comment was considered in the process of revision of the draft 
report, and a response to the comment has been prepared (see Appendices 2 and 3). The 
comments were accommodated in the revised draft report in various ways, including 
correction of errors, expanded discussion, clarification of explanation, consideration and 
inclusion of additional material, and addition of references, as described in the responses to 
the public comments. Comments that staff disagreed with or which addressed issues that 
were not part of the standards or the standard setting process were not incorporated into the 
report. In these cases, an explanation for not incorporating the comment is provided in the 
responses to comments (Appendices 2 and 3). 

2.4 Recommendations 
The proposed amendments to the standards are largely based on results from 
epidemiological studies in hundreds of cities. These studies indicate strong associations 
between both long- and short-term exposure to PM and a variety of adverse health effects, as 
described above. California Ambient Air Quality Standards have four elements (Health and 
Safety Code section 39014, and title 17, California Code of Regulations, Article 2, section 
70200): (1) definition of the air pollutant, (2) an averaging time, (3) a pollutant concentration, 
and (4) a monitoring method to determine attainment of the standard. A summary of staff’s 
proposed recommendations for amending the PM and suifates standards is listed below. 

2.4.1 Pollutant, Concentrations and Averaging Times 

d PM10 Annual-Averaqe Standard - Lower the annual-average standard for PM10 from 
30 micrograms per cubic meter (pg/m3) to 20 pg/m3, not to be exceeded. Revise the 
averaging method from an annual geometric mean to an annual arithmetic mean. 
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This recommendation is based on the results of numerous epidemiological studies of 
mortality and morbidity, which have found associations between adverse health effects 
and PM10 when the long-term (i.e., months to years) study mean concentrations are at or 
below the current annual average standard of 30 pg/m3. The recommendation is primarily 
based on the Harvard Six-Cities data (Dockery et al., 1993) and the American Cancer 
Society (ACS) study (Pope et al., 1995), both reanalyzed by Krewski et al. (2000). Other 
investigations, including the Children’s Health Study (McConnell et al., 1999) and the 
Harvard Six-Cities Study (Dockery et al., 1989), have also reported associations between 
long-term PM exposures and morbidity outcomes, including bronchitis, exacerbation of 
asthma, and reductions in lung function. In these studies, the long-term (one- or multi- 
year) mean PM10 concentrations ranged from about 21 to 35 pg/m3. 

PM10 24-hour-Average Standard - Retain the 24-hour-average standard for PM1 0 at 
50 pg/m3, not to be exceeded. 

Staff recommends that the 24-hr standard for PM10 at 50 pg/m3, not to be exceeded, be 
retained. The recommendation is based on time series studies of daily mortality and 
morbidity. 

l PM2.5 Annual-Averaqe Standard - Establish a new annual-average standard for PM2.5 at 
-l2 pg/m3, not to be exceeded. Establish the new PM2.5 standard as an annual 
arithmetic mean. 

This recommendation is based on a growing body of epidemiological and toxicological 
studies showing significant toxicity related to exposure to fine particles. The ACS and 
Harvard Six-Cities long-term exposure studies (Dockety et al., 1993; Pope et al., 1995; 
Krewski et al., 2000) reported robust associations between long-term exposure to PM2.5 
and mortality. The mean PM2.5 concentrations for all the cities studied were 18 and 
20 pg/m3 in the Six-Cities and the ACS studies, respectively. In the ACS study, the 
relative risks are similar in cities at the lowest long-term PM25 concentrations of 11 and 
12.5 p.g/m3. Larger increases in risk do not occur until the long-term PM25 mean equals 
14.9 pg/m3. Therefore, an annual standard of 12 pg/m3 would be below the mean of the 
most likely effects level and would provide a margin of safety. Additional evidence comes 
from other epidemiological studies that examined the relationships between mu!tip!e dai!y 
exposures of PM2.5 and adverse health outcomes. These studies have long-term (three- 
to four-year) means in the range of 13 to 18 pg/m3. 

l PM2.5 24-hour-Averaqe Standard - Establish a new 24-hour-average standard for PM2.5 
at 25 pglm3, not to be exceeded. 

This recommendation is based on studies showing associations between ambient PM2.5 
levels and mortality and morbidity when the 98’h percentile of the study PM2.5 
concentration ranged between 28 and 55 pg/m3. The methodology used to derive the 
standard is based on setting the level of the standard at a concentration below the 98’h 
percentile observed in studies consistently associated with adverse health effects. The 
underlying principle is to reduce not only the mean concentration (represented by the 
annual average), but specifically the upper tail of the distribution, described by the 98th 
percentile of the distributions of published studies. For this standard staff has relied 
primarily on studies relating fine particle concentrations with daily mortality, the most 
serious irreversible health impact. Ultimately, additional protection will be provided by 
expressing the standard in a “not to be exceeded” form. 
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* Sulfates 24hour-Averaqe Standard - Retain the 24hour-average standard for sulfates at 
25 pglm”. 

Exposure to ambient sulfates has been associated with mortality and the same range of 
morbidity effects as 2M’lO and PM2.5, although the associations have not been as 
consistent as with PM10 and PM2.5. These effects have been particularly noted in areas 
rich in strongly acidic sulfates, such as the eastern United States and Canada. In 
contrast, controlled exposure studies involving high levels (up to 1,000 pg/m3) of strongly 
acidic sulfates have demonstrated little, if any, effect on volunteer subjects, (e.g., Aris et 
al., 1991.). Furthermore, in California, acidic sulfates (principally sulfuric acid and 
ammonium sulfate) constitute a small fraction of the PM mass relative to the areas in 
which sulfates have been found to be associated with adverse health impacts. Also, 
sulfate concentrations in California have been far lower during the past few years than the 
level of the existing standard. In view of the mixed evidence on sulfates and health in 
California, the low likelihood of health risks in relation to ongoing reduction trends in 
sulfate emissions and ambient levels, staff recommends that the current standard be 
retained until the next review of the PM standard, if not earlier. However, staff is making 
recommendations to change the monitoring method for sulfates. 

2.4.2 Monitoring Methods, Samplers, and Instruments 

l PM1 0 Monitorinq Method - Adopt the Federal Reference Method (FRM) for PM1 0 as the 
method for California. This proposal allows for alignment of the State method for PM 
monitoring with all federal high-volume and low-volume samplers, and thereby will 
eliminate confusion of having two methods (State and federal) for the same parameter. 

0 PM25 Monitorinq Method - Ado,pt the Federal Reference Method (FRM) for PM25 as the 
method for California. This proposal allows for alignment of’ the State method for PM 
monitoring with al! federal high-volume and low-volume samplers, and thereby will 
eliminate confusion of having two methods (State and federal) for the same parameter. 

c Continuous PM Samplers - Adopt those continuous PM samplers which have been found 
to be suitable for determining compliance with the state PM10 and PM2.5 AAQS, and 
designate them as California approved samplers (CAS). This proposal allows for the use 
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has many advantages over traditional filter based sampling techniques. A continuous 
method is an in-situ, automatic measurement method of suspended particle mass with 
varied averaging time (minutes to hours) that provides an instantaneous result. Their 24 
hour/day, 7day/week sampling schedule will further our understanding of PM emission 
patterns and exposure, and can be used to enhance public health research into short-term 
peak exposure. They can provide more data for model validation, to aid in identifying air 
pollution source(s), and to reflect dispersion patterns. Official approval of continuous 
instruments/methods will promote further development of continuous samplers and 
potentially reduce the cost of the air monitoring network. 

0 Sulfates Monitorinq Method - Revise the sulfates monitoring method by deleting the 
current total suspended particle (TSP) sulfates method, ARB method MLD 033, and 
replacing it with the existing AR5 method for PM10 sulfates, MLD 007. This proposal 
allows the ARB to use its existing PM10 network to greatly expand its monitoring network 
capabilities for sulfates. By doing so, the ARB greatly expands its ability to better 
understand sulfate air quality in the state. This method changes allows for the 
minimization of any artifact-forming potential through the use of alkalinity-controlled filters. 
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The staff also proposes to maintain the regulatory language that permits- other samplers 
deemed to give equivalent results to be approved by the AR5 at a subsequent time. 

This action is intended to eliminate the ambiguity that currently exists between the acceptable 
use of samplers for State and federal programs and to respond to the need for continuous 
samplers to meet a variety of needs. It will also greatly expand the database of information 
that will be available to decision-makers. Adopting the specific samplers into the regulation 
will make information about appropriate monitoring methods and samplers accessible, 
standard and enforceable. 

2.4.3 Other Recommendations: 

Further, in light of the adverse health effects observed at current ambient concentrations and 
the lack of a demonstrated threshold, staff makes the following recommendations for Board 
approval: 

l Staff recommends that the standards for PM and sulfates be revisited within five years, to 
evaluate new evidence regarding the health effects associated with, particle size, 
chemistry, concentrationand averaging time. 

l Staff also recommends that further scientific information be gathered and research be 
conducted into the health effects of short-term exposures of PM, especially effects from 
less than 24-hour exposures. This information should be considered when staff revisits 
the PM standards to determine if AAQS with averaging times of less than 24 hours would 
be appropriate. 

2.5 Health Benefits 
Although a precise measure of risk is difficult to determine, staff performed a quantitative risk 
assessment based on attainment of the recommended annual average standards of 12 pg/m3 
and 20 pg/m3 for PM2.5 and PMIO, respectively. The results of this assessment are 
summarized in Tables 9.4 and 9.6, respectively. The assessment applied concentration - 
response functions from available epidemiologic studies to California by using California- 
specific PM, mortality and morbidity data (see Chapter 9 for a full discussion). 

The quantitative risk assessment estimated that attainment of the proposed annual PM10 
standards would result in a reduction of approximately 6,500 cases of premature mortality per 
year (3,200 - 9,800, 95 percent confidence interval (Cl)). This estimate is based on the 
assumption that mortality is primarily associated with exposure to PM2.5 rather than with the 
coarse PM fraction. Estimated mean annual reductions in hospitalizations related to attaining 
the proposed PM10 standards are 1,200 cases for Chronic Obstructive Pulmonary Disease 
(COPD) (66 - 2,300, ,CI), 1,700 cases for pneumonia (760 - 2,600, Cl), 3,100 cases for 
cardiovascular causes (2,500 - 3,600, Cl), and 960 cases for asthma (400 - 1,500, Cl). 
Among children ages 7 to 14, attainment of the PM10 standard is estimated to result in about 
390,000 fewer days of lower respiratory symptoms per year (160,000 - 570,000, Cl). Of 
these, approximately half of the days of lower respiratory symptoms may be associated with 
attainment of the proposed PM2.5 standard. 

Use of the concentration-response functions from short-term exposure studies, which only 
capture part of the total effects on mortality, generates an estimate of 1,900 fewer premature 
deaths per year (2,200 - 3,100, Cl) based on attainment of a standard of 12 ,ug/m3 for 
PM2.5. Attainment of the recommended PM2.5 standards is estimated to result in up to 
about 11,000 fewer cases of chronic bronchitis among people over age 27. Estimated 
reductions in hospitalizations are 600 (33 - 1,200, Cl) for COPD, 860 (390 - 1,300, Cl) for 
pneumonia, and 470 (86 - 850, Cl) for asthma. 
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in summary, the epidemioiogic evidence and risk assessment support the iikeiihood of 
significant reductions in mortality and morbidity effects with attainment of the recommended 
annual and 24-hour PM standards. 

2.6 Environmental and Economic impacts 

The proposed ambient air quality standards will in and of themselves have no environmental 
or economic impacts. Standards simply define clean air. Once adopted, local air pollution 
control or air quality management districts are responsible for the adoption of rules and 
regulations to control emissions from stationary sources to assure their achievement and 
maintenance.. The Board is responsible for adoption of emission standards for mobile 
sources. A number of difierent control measures are possible, and each will have its own 
environmental and economic impact. These impacts must be evaluated when any control 
measure is proposed. Environmental or economic impacts associated with the imposition of 
future control measures will be considered when specific measures are proposed. 

2.7 Environmental Justice 
State law defines environmentai justice as the fair treatment of peopie of aii races, cuitures, 
and incomes with respect to the development, adoption, implementation, and enforcement of 
environmental laws, regulations, and policies (Senate Bill 115, Solis; Stats 1999, Ch. 690; 
Government Code § 65040.12(c)). The Board recently established a framework for 
incorporating environmental justice into the ARB’s programs consistent with the directives of 
State law (ARB, 2001 b). The policies developed apply to all communities in California, but 
recognize that environmental justice issues have been raised more in the context of low- 
income and minority communities, which sometimes experience higher exposures to some 
pollutants as a result of the cumulative impacts .of air pollution from multiple mobile, 
commercial, industrial, areawide, other sources. Because ambient air quality standards 
simply define clean air, all of California’s communities will benefit from the proposed health- 
based standards, as progress is made to attain the standards. Over the past twenty years, the 
ARB, local air districts, and federal air pollution control programs have made substantial 
progress towards improving the air quality in California. However, some communities continue 
to experience higher exposures than others as a result of the cumulative impacts of air 
pollution from multiple mobile and stationary sources and thus may suffer a disproportionate 
level of adverse health effects (see section 7.7.2 of this report). Since the same ambient air 
quality standards apply to all regions of the State, these communities will benefit by a wider 
margin and receive a greater degree of health improvement from the revised standards than 
less affected communities, as progress is made to attain the standards. Moreover, just as all 
communities would benefit from new, stricter standards, alternatives to the proposed 
recommendations, such as recommending no change to the PM10 standards, or not 
proposing standards for PM2.5, would adversely affect all communities. Once ambient air 
quality standards are adopted, the ARB and the local air districts will propose emission 
standards and other control measures to reduce emissions from various sources of PM. The 
environmental justice aspects of each proposed control measure will be evaluated in a public 
forum at this time. 

As additional relevant scientific evidence becomes available, the PM standards will be 
reviewed again to make certain that the health of the public is protected with an adequate 
margin of safety. To ensure that everyone has an opportunity to stay informed and participate 
fully in the development of the PM standards, ARB and OEHHA staff have held (and will 
continue to conduct) workshops in a number of communities across the State and have 
distributed information by mail and through the internet, as described in section 2.3.2 in this 
chapter. 
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2.8 Research Needs 

Available evidence indicates that significant adverse health effects may occur among both 
children and adults when ambient PM concentrations exceed current State standards or 
become elevated above those proposed in this report. The foundation for revising California 
PM standards is based primarily on numerous epidemiological studies conducted throughout 
the world which yielded remarkably consistent results, despite local differences in PM sources 
and types of co-pollutants. Although this consistency was sufficient to guide staff in proposing 
new, more stringent standards, several data gaps were identified during the preparation of 
this document. Moreover, many questions about the mechanisms by which particles 
adversely affect health remained unanswered. Results from research designed to address 
these questions would refine knowledge and reduce uncertainties in various aspects of the 
PM literature and should be ongoing at the State, federal, and international level. Specific 
areas of research that would assist the Board with subsequent revisions of the standards 
include: 

l health impacts of short-term exposures to PM and sulfates 

l health impacts of long-term exposures to PM and sulfates 

l health impacts of ultrafine PM 

. relationship between community and individual exposures to PM 

l factors contributing to sensitivity in individuals and groups 

l health effects of PM related to physical properties and/or chemical constituents 

. physiological mechanisms of PM and sulfates effects 

l how PM interacts with other air pollutants to harm health 

l health impacts of PM at low concentrations 

. role of PM in causing new disease 

. impacts of PM and sulfates on children including neonates 

l environmental justice and its relationship to PM health effects 
De\.re!cp-ne~t 2nd application of ~~:pro*/ad s+r *A I --CL-J-L-:- Luuy , , ,G~, tuuuluyl~s Will Zqi;iZ research in 
several areas, including improvements in air monitoring and exposure assessment 
methodologies. As ambient air monitoring for PM expands to include time-resolved data 
reporting, it would be useful to incorporate this new data into community health investigations. 
Further, studies are needed to determine how community and indoor levels of PM relate to 
actual human exposures. 

Development and application of improved statistical methodologies, particularly for 
epidemiological studies, are needed to improve the analytical tools available to health 
investigators as they evaluate the health impacts of daily or multi-day observations collected 
over prolonged study periods. Improved identification of and control for potentially 
confounding factors in epidemiological studies are critically needed. 

Review of the health effects literature undertaken for this document presented staff with a 
major challenge in determining safe levels of PM for short- or longer-term exposure. The 
epidemiological studies reviewed reported adverse effects even at the lowest levels of 
ambient PM present. The statistical methods available, as well as the sources and types of 
air quality and health data available for use in these studies, impose substantial limitations to 
identifying truly safe levels of these pollutants. 
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Crucia! to answering the questions outlined above is an improved physical-characterization 
(particle shape and aerodynamic diameter) and chemical speciation of PM and sulfate 
samples which will allow identification of the toxic components of the ambient mixture. 
Physical and chemical characterization data for sulfates and PM will likely become 
increasingiy important in designing hypothesis-driven animal and controlled human exposure 
studies. Comparisons of the toxicity of different sized particles of the same chemical species 
are also needed (ultrafine vs. fine vs. coarse). 

More information is needed to identify the physiological, genetic, medical and other factors 
that contribute to susceptibility to PM and sulfates health effects. Age appears to be one 
factor in susceptibility to adverse effects resulting from exposure to PM and sulfates, Studies 
on children and neonates are critically needed. Subjects at risk of PM and sulfates-induced 
health effects need to be incorporated into research on the health impacts of these pollutants. 
Hypothesis-driven animal toxicological experimental studies, as well as human clinical 
studies, offer especially valuable opportunities to investigate issues that are related to 
biological sensitivity. This information will be very useful in optimizing research protocols and 
refining subject selection criteria so that future research targets the most significant endpoints 
and most at-risk subpopulations. 
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5-l Introduction 

Airborne particulate matter (PM) is not a single pollutant, but rather a mixture of many 
subclasses of pollutants with each subclass potentially containing many different chemical 
species. Particles may be either directly emitted into the atmosphere (primary particles) or 
formed there by chemical reactions of gases (secondary particles) from natural and 
anthropogenic sources such as SCZ, NOx, and certain organic compounds. The relative 
importance bf primary and secondary particles generally depends on the geographical 
location with precursor emissions, atmospheric chemistry, and meteoroiogy ati playing a rote. 
Examples of PM include combustion-generated particles, such as those from automobiles or 
wood burning; photochemically-produced particles, such as those found in urban haze; salt 
particles formed from sea spray; and soil-like particles from resuspended dust. 

In California, the proximity of a location to a variety of sources, in addition to the diurnal and 
seasonal variations in meteoro!ogical conditions, causes the size, composition, and 
concentration of particulate matter to vary in space and time. PM pollution is the most serious 
and complex air pollution problem facing both scientific communities and regulatory agencies, 
and reducing particulate pollution is one of the most difficult environmental challenges facing 
California because of the great diversity of sources and chemical species involved. 

Atmospheric particles contain inorganic ions, metallic compounds, elemental carbon, organic 
compounds, and crustal compounds. Some atmospheric particles are hygroscopic and 
contain particle-bound water. The organic fraction is especially complex, containing hundreds 
of organic compounds. The particle formation process includes nucleation .of particles from 
low-vapor-pressure gases emitted from sources or formed in the atmosphere by chemical 
reactions; condensation of low vapor pressure gases on existing particles; and coagulation of 
particles. Thus, any given particle may contain PM from many sources. The composition and 
behavior of airborne particles are fundamentally linked with those of the surrounding gas. An 
aerosol may be defined as a suspension of solid or liquid particles in air. The term aerosol 
includes both the particles and all vapor or gas-phase components of air. However, while this 
is the rigorous definition of aerosols, the term is often used in the atmospheric chemistry 
literature to denote just the particles. 

A complete description of the atmospheric aerosol would include an accounting of the 
chemical composition, optical properties, morphology, and size of each particle, and the 
relative abundance of each particle type as a function of particle size. However, most often 
the physical and chemical characteristics of particles are measured separately. Size 
distributions by particle number, from which surface area and volume distributions are 
calculated, often are determined by physical means, such as electrical mobility or light 
scattering of suspended particles. Chemical composition usually is determined by analysis of 
collected samples. The mass and average chemical composition of particles, segregated 
according to aerodynamic diameter by cyclones or impactors, can also be determined. This 
chapter provides general information on the physics and chemistry of atmospheric particles 
that may be useful in reading subsequent sections. For a more extensive review of the 
physics and chemistry of PM, the reader is referred to Finlayson-Pitts and Pitts (‘l999), 
Warneck (1999), and Seinfeld and Pandis (1998). 
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3.2 Physical Properties 

3.2.1 Definition 

Particulate matter can exist in the liquid or solid phase and its size can span several orders of 
magnitude, from a molecular cluster of 0.002 pm in aerodynamic diameter to coarse particles 
on the order of 100 urn. The lower end of the size range is not sharply defined because there 
is no accepted criterion at which a cluster of molecules becomes a particle. The upper end 
corresponds to the size of fine drizzle or very fine sand; these particles are so large that they 
quickly fall out of the atmosphere and hence do not remain suspended for significant periods 
of time. The most important particles with respect to atmospheric chemistry and physics are 
generally in the 0.002 to 10 pm range. 

Atmospheric particles are usually referred to as having a radius or diameter, implying they are 
spherical. However, many particles in the atmosphere have quite irregular shapes for which 
geometrical radii and diameters are not meaningful. Hence, the size of such irregularly 
shaped particles is expressed in terms of equivalent diameter that depends on a physical, 
rather than a geometrical, property. One of the most commonly used term is the aerodynamic 
diameter, which is defined as the diameter of a sphere of unit density (1 g/cm3) that has the 
same terminal falling speed in air as the particle under consideration- The aerodynamic 
diameter of particles is important because it determines the residence time in the air, and it 
reflects the various regions of the respiratory system in which particles of different sizes 
become deposited. 

3.2.2 Particle Size Distributions 

: The atmosphere, whether in urban or remote areas, contains significant concentrations of 
aerosol particles, sometimes as high as 1 O7 to 1 O8 particles/cm3. The aerodynamic diameter 
of these particles span over four orders of magnitude, from a few nanometers to around 100 
pm. Because the size of the atmospheric particles plays such an important role in both their 
chemistry and physics in the atmosphere, as well as their effects, it is important to know the 
distribution of particle sizes. 

Urban aerosols are mixtures of both primary and secondary particles. The number distribution 
is dominated by particles smaller than 0.1 pm, while most of the surface area is in the 0.1 to 
0.5 pm size range. The aerosol size distribution is quite variable in an urban area. Extremely. 
high concentrations of very fine particles (less than 0.1 pm) are found close to sources such 
as highways, but their concentrations decrease rapidly with distance from their source. Figure 
3.1 (Seinfeld and Pandis, 1998) describes the number of particles as a function of their 
diameter for rural, urban-influenced rural, urban, and freeway-influenced urban aerosols. 
There is roughly an order of magnitude more particles close to the freeway compared to the 
average urban concentration. 

An important feature of atmospheric aerosol size distribution is the tri-modal character: (1) 
nuclei, (2) accumulation, and (3) coarse. As the technology for measuring small particles has 
improved, ultrafine particles (with diameters less than -01 pm, i.e., Cl00 nm) have also been 
increasingly studied. Particles in the atmosphere are now frequently treated in terms of the 
four modes summarized in Figure 3.2 (Finlayson-Pitts and Pitts 1999). This figure shows the 
mechanisms such as condensation and coagulation that transfer aerosol mass from one size 
range to another, and also shows the major sources and removal processes for each one. 
The number distribution is dominated by particles smaller than 0.1 urn, while most of the 
surface area is in the 0.1 to 0.5 pm size range. The mass distribution has usually two distinct 
modes, one in the submicrometer regime (referred to as accumulation mode) and the other in 
the coarse particle regime. 
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Figure 3.1_ Aerosol number distribution for the average urban, for urban influenced 
by background, and for background (adapted from Seinfeld and Pandis, 
1998). Number concentrations are shown on logarithmic scale to display 
the wide range by site and size, where N is the number concentration and 
D, is the mean diameter. 
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Figure 3.2. Schematic of an atmospheric aerosol size distribution showing four 
modes (adapted from Finlayson-Pitts and Pitts, 1999). 

The nuclei mode, corresponding to particles below about 0.1 pm, may not be noticeable in 
volume or mass distributions. Nuclei mode particles are the result of nucleation of gas phase 
species to form condensed phase species with very low equilibrium vapor pressure. As an 
example, metallic ultrafine particles may be formed from metals in lubricating oil or fuel 
additives that are vaporized during combustion of gasoline or diesel fuels (Kittelson 1998). 
Recent smog chamber studies and indoor experiments show that atmospheric oxidation of 
certain organic compounds found in the atmosphere can produce highly oxidized organic 
compounds with an equilibrium vapor pressure sufficiently low to result in nucleation (Kamens 
et al. 1999; Weschler and Shields 1999). Some scientists argue that ultrafine particles pose 
potential health problems and that some health effects may be more closely associated with 
particle number or particle surface area than particle mass. Because nuclei-mode particles 
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contribute the major portion of particle number and a sig,nificant portion of- particle surface 
area, further attention. to nuclei-mode particles is justified. 

The size range from 0.1 to 2.5 urn, is the accumulation mode. Fine particles include both the 
accumulation and the nuclei modes. Nuclei-mode particles may be removed by dry deposition 
or by growth into the accumulation mode. This growth takes place as other low vapor 
pressure material condenses on the particles or as nuclei-mode particles coagulate with 
themselves or with accumulation mode particles. The coagulation rates for particles in the 
nuclei range with the larger particles in the accumulation range are usually larger than for self- 
coagulation of the small particles. This occurs because of the high mobility of the small 
particles combined with the larger target area of the bigger particles. 

Particles in accumulation mode tend to represent only a small fraction of the total particle 
number, but a significant portion of the aerosol mass. Because they are too small to settle out 
rapidly, they have much longer lifetimes than coarse particles. This long lifetime, combined 
with their effects on visibility, cloud formation, and health, makes them of great importance in 
atmospheric physics and chemistry. Because of the nature of their sources, particles in the 
accumulation mode generally contain organ1 ‘c compounds as well as soluble inorganic 
compounds such ammonium nitrate and ammonium sulfate. 

The third mode, containing particles larger than 2.5 urn, is known as the coarse particle mode. 
Coarse particles are usually produced by mechanical processes such as grinding, wind, or 
erosion. As a result, they are relatively large and hence settle out of the atmosphere by 
sedimentation in a reasonably short time, except on windy days, where fallout is balanced by 
reentrainment. Chemically, their composition reflects their source, and hence it is 
predominantly inorganic such as sand and sea salt, although significant amounts of organic 
compounds have als,o been reported associated with them (Boon,et ,al. 1996): Because the 
sources and sinks are different from those of the smaller modes, the occurrence of particles in 
this mode tends to be only weakly associated with the fine particle mode. The majority of 
biological particles, such as spores and pollens, tend to be in the coarse particle range. 

Whiie particles in the coarse particle mode are generally sufficiently large that they are 
removed relatively rapidly by gravitational settling, there are large-scale mechanisms of 
transport that can carry them long distances during some episodes. The results of several 
studies indicate the transport of dust in larger particles from the Sahara Desert to the 
northwestern Mediterranean, Atlantic Ocean, and the United States (Gatz and Prosper0 
1996). Similarly, dust transported from Asia has been reported on a regular basis over the 
Pacific (Zhang et al. 1997). Asian dust has been observed during the spring at the Mauna Loa 
Observatory in Hawaii (Zieman et al. 1995; Holmes et al. 1997). At this location, the elemental 
signaure (in terms of silica to iron or titanium to iron ratios) in particles in the size range 0.5 to 
3.5 urn is very similar to those measured during dust storms in Beijing, consistent with long- 
range transport of these particles. 

The literature includes references to fine, coarse, suspended, respirable, inhalable, thoracic 
and other adjectives to indicate a size segregation of PM. Uniform criteria are not always 
employed in the application of these designations. Particles less than 2.5 pm in aerodynamic 
diameter are generally referred to as “fine” and those greater than 2.5 pm diameters as 
*‘coarse”. The selection of PM10 as an indicator was based on health considerations and was 
intended to focus regulatory concern on those particles small enough to enter the thoracic 
region. Detailed definitions of the various sizes and their relationships are given in standard 
aerosol textbooks (e.g., Seinfeld and Pandis 1996, Finlayson-Pitts and PItts, 1999). 
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3.2.3 Particle Formation and Growth 

The formation of partioles in various size’ranges in the atmosphere may o.ccur by a number of 
mechanisms. These include reaction of gases to form low-vapor-pressure products followed 
by nucleation to form new particles or condensation on preexisting particles, along with some 
coagulation between particles. An important parameter in particle nucleation and in particle 
growth by condensation is the saturation ratio, which is defined as the ratio of the partial 
pressure of a species to its equilibrium vapor pressure above a flat surface. For either 
condensation or nucleation to occur, the species vapor pressure must exceed its equilibrium 
vapor pressure. 

Nucleation An occur both in the absence or presence of foreign material (pre-existing 
particles, such as primary particles emitted by sources). Homogeneous nucleation is the 
nucleation of vapor on embryos comprised of vapor molecules only, in the absence of foreign 
substances. Heterogeneous nucleation is the nucleation on a foreign substance or surface, 
such as an ion or a solid particle. In addition, nucleation processes can be homomolecular 
(involving a single species) or heteromoiecular (involving two or more species). Once the 
initial nucleation step has occurred, the nuclei of the new phase tend to grow rapidly. 
Nucleation theory attempts to describe the rate at which the first step in the phase 
transformation process occurs - the rate at which the initial very small nuclei appear. For a 
review of nucleation in the atmosphere, the reader is referred.to literature on nucleation and 
atmospheric aerosols (Fukura and Wagner 1992; Seinfeld and Pandis 1998). 

Condensation occurs when the vapor concentration of a species exceeds its equilibrium 
concentration (expressed as its equilibrium vapor pressure). Condensable species can either 
condense on the surface of existing particles or can form new particles. The relative 
importance of nucleation versus condensation depends on the rate of formation of the 
condensable species and on the surface or cross-sectional area of existing particles 
(McMurry and Friedlander 1979). In ambient urban environments, the available particle 
surface area is sufficient to rapidly scavenge the newly formed condensable species. 
Formation of 7ew particles (nuclei mode) is usually not important except near sources of 
condensable species. The results of several studies report observations of the nuclei mode in 
traffic (Hildemann et al. 1991; Abdul-Khalek et al. 1998). New particle formation also can be 
observed in cleaner, remote regions. Bursts of new particle- formation in the atmosphere 
under clean conditions usually occur when aerosol surface area concentrations are low..... 
(Covert et al. 1992). High concentrations of nuclei mode particles have been observed in 
regions with low particle mass concentrations, indicating that new particle formation is 
inversely related to the available aerosol surface area (Clarke 1992). For more detailed 
discussions of the quantitative treatment of condensation processes in the atmosphere, the 
reader is referred to articles by Pandis et al. 1995, and Kerminen and Wexler 1995. 

Coaqulation refers to the formation of a single particle via collision and adhesion of two 
smaller particles. Small particles undergo relatively rapid Brownian motion (i.e., constant 
random movement along an irregular path caused by the bombardment of surrounding air 
molecules), that leads to sufficient particle-particle collisions to cause such coagulation. 
Coagulation of smaller particles with much larger ones is similar to condensation of a gas on 
the larger particles and acts primarily to reduce the number of small particles, adding 
relatively little to the mass or size of the larger particles. Hence the larger mode will not show 
significant growth by such a mechanism. The rate of such processes depends on the 
diameter of the large particle, how rapidly the smaller particle is carried to it (i.e., the diffusion 
of the smaller particle), and the concentrations of the particles. Self-coagulation, where the 
particles are approximately the same size, can, however, lead to changes in the size 
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distribution of the aerosol particles. The rate .of this process, is a strong function of the particle 
concentration as well as the particle size (Pandis et al. 1995). 

32.4 Removal Processes 

Once particles are in the atmosphere, their size, number, and chemical composition are 
changed by several mechanisms until they are ultimately removed by natural processes. 
Some of the physical and chemical processes that affect the “aging” of atmospheric particles 
are more effective in one regime of particle size than another. The lifetimes of particles vary 
with size. Coarse particles can settle rapidly from the atmosphere within hours, and normally 
travel only short distances. However, when mixed high into the atmosphere, as in dust 
storms, the smaller-sized coarse-mode particles may have longer lives and travel distances. 
Nuclei mode particles rapidly grow into the accumulation mode. However, the accumulation 
mode does not grow into the coarse mode. Accumulation-mode fine particles are kept 
suspended by normal air motions and have very low deposition rates to surfaces. They can 
be transported thousands of kilometers and remain in the atmosphere for a number of days. 

Atmospheric species removal processes can be grouped into two categories: dry deposition 
and wet deposition. Dry deposition denotes the direct transfer of species, both gaseous and 
particulate, to surfaces and proceeds without the aid of precipitation. Wet deposition, on the 
other hand, encompasses all processes by which airborne species are transferred to surfaces 
in aqueous form (Le., rain, snow, or fog). Wet deposition include processes such as 
dissolution of atmospheric gases in airborne droplets (cloud droplets, rain, or fog), removal of 
atmospheric particles when they serve as nuclei for the condensation of atmospheric water to 
form a cloud or fog droplet, and removal of atmospheric particles when the particle collides 
with a droplet both within and below clouds. 

Dry deposition rates are expressed in terms of a deposition velocity that varies with particle 
size, reaching a minimum between 0.1 and 1 .O urn aerodynamic diameter. The wide ranges 
of reported dry deposition velocities for any given pollutant reflect a combination of 
experimantal uncertainties as well as real differences due to meteorology, nature of the 
surface, diurnai variation, etc. The overall uncertainty in the appropriate vaiue of the 
deposition velocity to use under a given set of circumstance can thus be quite large. A 
discussion of these issues can be found in articles by Gao and Wesley (1995) and Wesley 
and Hicks (1999). 

Accumulation-mode particles are removed from the atmosphere primarily by cloud processes. 
Fine particles, especially particles with a hygroscopic component, grow as the relative 
humidity increases, serve as cloud condensation nuclei, and grow into cloud droplets. If the 
cloud droplets grow large enough to form rain, the particles are removed in the rain. Falling 
rain drops impact coarse particles and remove them. Utrafine or nuclei mode particles are 
small enough to diffuse to the falling drop, be captured, and removed in rain. 

3.2.5 Meteorology and Particles 

Meteorological conditions are, generally, the biggest factor influencing the temporal variation 
in pollutant concentrations. Weather plays a major role in what primary particles are emitted, 
and to what degree. “Background” aerosol (e.g., sea spray, volcanic dust) concentrations are 
affected by wind transporting materiai or by “stirring up” locai natural aerosols. Rain 
suppresses dust from both natural and manmade sources. Seasonal and daily variations in 
weather influence the production of biogenic pollutants (gases, pollen, etc.). Primary 
emissions from human activities will be similarly influenced, both directly, as with wind and 
rain on dust, and indirectly through changes in human activity (e.g., residential wood burning 
increases in colder weather, and agricultural activity peaks during planting and harvesting). 
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Secondary particle formation is influenced by a combination of precursor pollutant 
concentrations and weather conditions. Conversion of SO, to sulfate aerosols is. accelerated 
by the presence of oxidants and OH radicals in the air (as during ozone episodes), and is 
accelerated even more under humid conditions when the conversion can occur inside water 
droplets. NOx conversion to nitrate is even more sensitive to weather conditions, as formation 
rates must compete with dissociation back to gases, so that nitrate is generally a cool-wet 
(e.g., winter) weather phenomenon. Figure 3.3 represents a flowchart of actual linkages 
between particulate matter air pollution and controlling factors of weather and source activity. 
Due to the influences of these links, the same emissions can result in high PM concentrations 
on one occasion, and low concentrations on another. The purpose of detailed analysis is to 
refine our understanding of how the linkages shown in this chart act on pollutants so that we 
can accurately determine what portions of the measured concentrations are due to each of 
the various sources. 

f- \ 
Meteorological 

Conditions 
at Sources / 

-I 
3 
2 
3 

2 
c 
2 

Primary 
Emissions 

v 

Secondary 
Aerosol 

Figure 3.3. Flowchart of actual linkages between particulate matter air pollution and 
controlling factors of weather and source activity 

Pollutant concentrations at measurement sites vary not only due to the various influences on 
local pollutants, but also due to the transport of material from upwind areas. In addition to 
variable local influences, occasional transport of PM can significantly influence 
concentrations, particularly at sites downwind of major urban centers. Different conditions not 
only cause different concentrations, they can also alter the mix of responsible sources; in 
other words, the sources identified for appropriate control can vary not only temporally but 
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also among monitoring sites. For example, in the San Joaquin Valley, PM?0 and PM2.5 
episodes in the winter-time are often accompanied by light and variable winds, thus limiting 
horizontal transport. As a result, pollutants tend to accumulate in local areas; however, a 
uniform gradient of secondary aerosols was seen valley wide (nitrates in particular). Results 
of several data analyses, as to the cause of this smooth gradient in secondary particulate 
concentrations, revealed a shallow mixing layer near the surface with nearly calm winds, but 
winds of 4 to 8 m/s were observed about 100 meters above the surface. Thus, pollutants 
trapped near the surface when mixed into this fast moving upper layer, were transported large 
distances and reacted with sources such as ammonia to form the secondary aerosols. 

3.2.6 Fine Mass and Aerosol Light Scattering Relationship 

The aerosol parameter to be monitored must be a suitable causal measure of health effects, 
as well as effects on visibility, climate, etc. It can be presumed that, for health effects, 
penetration into the lung and toxicity of the aerosol chemical species are relevant. On the 
other hand, visibility effects are determined by the light extinction under atmospheric 
conditions. The direct aerosol effect on climate is due to scattering and absorption of sunlight 
while the indirect aerosol effect on climate is due to the aerosol interaction with cloud 
processes. Because each of the aerosol effects is associated with a specific size and/or 
chemical composition, it is not likely that a single monitoring variable would be equally 
suitable as a surrogate for all of the effects. Thus, a choice in the measurement technique 
requires a value judgment as to which effect (health, visibility, or climate) matches most 
closely with exposure. 

Depending on their size and composition, particles can scatter or absorb light. Coefficient of 
haze (COH) and nephelometer (Bscat, or scattering coefficient) measurements provide an 
indication-of the relative contributions of ,light absorption .and light scattering. The COH is a 
direct measure of the light-absorbing ability of the particles. Light absorption is primarily due 
to elemental carbon from combustion. The nephelometer roughly measures all scattering by 
fine particles. The characteristics of scattering light are extremely sensitive to the size of the 
scattering par”icles. Light scattering by the large particles (~10 urn diameter) is generally not 
significant. As particle sizes approach the range of light wavelengths (0.1-I pm) they become 
significantly more efficient in light scattering. COH units are defined as the quantity of 
particulate matter that produces an optical density of 0.01 on a paper filter tape. A photometer 
detects the change in the quantity of light transmitted through the spot as the particulate 
matter collects on the paper filter tape and produces an electrical signal proportional to the 
optical density. A COH of less than 1.0 represents relatively clean air while a COH of greater 
than 2.0 represents air with a relatively high concentration of primary combustion-generated 
particles and/or secondary aerosols formed in the atmosphere. 

As was noted earlier in this chapter, the aerosol population is a mixture of different particle 
sizes, and each size class is composed of an internal and/or external mixture of chemically 
diverse particles. Hence, it is not possible to express the aerosol concentration as a single 
number, as is the case for gaseous pollutants. On the other hand, practical considerations 
dictate that the number of aerosol parameters to be monitored has to be limited. Routine 
monitoring of aerosol chemical composition in many size classes does not appear to be 
practical for regulatory purposes. Rather, the aerosol size - chemical composition distribution 
function needs to be monitored using integral measures such as fine mass concentration 
(PM2.5) and/or total (or size segregated) light scattering coefficient. PM2.5 is the integral of 
the aerosol mass - size distribution up to about 2.5 urn. The total light scattering is also an 
integral of the aerosol mass size distribution but also weighted by the size-dependent 
scattering efficiency factor. 
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Numerous field investigations have been performed on the ,correlation between scattering 
coefficient and particulate volume and mass ,concentrationl Most of the earlier studies (1970s) 
were based on “high volume” (non-particle size selective sampler) total suspended particle 
(TSP) mass concentration measurements whose uncertainties and ill-defined upper particle 
size limits resulted in questionable data. As attention focussed on fine particle monitoring 
during the 1980s similar comparison field tests restricted to smaller particles were conducted. 
It is well established that the fine particle mass concentration measured by size segregated 
filter sampling has a strong statistical correlation with total aerosol light scattering. The main 
reason for this relationship is that both the fine particle mass as well as the light scattering 
efficiency factor have a peak in the size range 0.3 - 0.6 urn. Exception to this relationship 
occurs when the characteristic aerosol size is either smaller (e.g., primary automobile 
exhaust) or larger (wind blown dust) than the above size range. 

Husar and Falke (I 996) conducted a comparative study of the aerosol light scattering and fine 
particle mass data. A comparison of the light scattering coefficient and PM25 was performed 
for fourteen different sites in the western U.S. (including six sites in California). The scatter 
charts of daily PM25 and scattering data included the slope (m2/g) of the relationship as well 
as the correlation, R*. The data for the fourteen sites indicate a good correlation, with half of 
the sites exhibiting R2 above 0.8. A notable exception is Azusa, CA, (R2 = 0.61). The slope, 
i.e., the light scattering PM25 ratio, ranges between 4.1 and 11.9 with an average of 
7.4 m2/g. 

Groblicki et al. (1981) presented the light scattering coefficient observed in studies in Denver, 
Colorado as a function of the observed mass in the fine and coarse particle ranges, 
respectively. It has been seen that a good linear relationship exists between scattering 
coefficient and the fine mass, but not between scattering coefficient and coarse particle mass. 
A good linear relationship has been observed in a number of areas ranging from pristine to 
urban sites with scattering coefficient to fine particle mass concentration ratio of 
approximately 3 (Waggoner et al. 1981; Conner et al. 1991). 

Light scattering dominates light absorption except where there are light absorbing particles or 
gases present. Graphitic or elemental carbon (commonly known as soot) is very efficient at - 
absorbing light. Particle light absorption is about 10% of particle scattering in rural areas, but 
can be nearly equal to particle light scattering in urban areas where elemental carbon is 
present (Waggoner and Weiss 1981). Because of the nature of its sources, the elemental 
carbon contribution to light extinction varies geographically and temporally. For example, 
wood-burning fireplaces and diesel engines are major sources of elemental carbon, and 
areas with large numbers of these sources generally have more elemental carbon in the 
atmospheric aerosol, hence more light absorption- 

The results of several studies of the contribution of various particle components to light 
scattering and light absorption suggest that sulfate and organic species are major contributors 
to light scattering, with the contribution of nitrate being more variable. Relative humidity 
influences particle light extinction strongly when relative humidity exceeds 70%. The effect of 
humidity on light scattering properties is also very dependent on chemical and microphysical 
variables, as components of fine particles (hygroscopic fraction of aerosol) will vary in their 
ability to absorb water. 

Finally, although results of several studies are strongly suggestive of common optical 
properties for the fine particle fraction, it would be disingenuous to claim that PM2.5 mass and 
light scattering coefficient are always equivalent, either temporally and spatially. The high- 
time resolution (i.e., hourly measurements) light scattering data clearly indicate that aerosol 
variation is significant in both seasonal and monthly time scales. There is also a measurable 
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diurnal variation of up to 50% of the daily average values where primary particle emissions 
are significant. The light scattering-humidity.relationship depends on the pat-ticte composition, 
microstructure (Le., internally or externally mixed aerosols) as well as the history of .relative 
humidity values previously experienced by the particles. Hence the relationship between fine 
particle mass and light scattering can be obscured by many physical/ chemical factors and 
sampling errors. All of these factors should be examined carefully before the use of any 
scattering data for estimating fine mass concentration. 

3.3 Chemical Properties of Particles 
Generally, atmospheric PM can be divided into fine (~2.5 urn) and coarse particles (>2.5 urn). 
Fine and coarse particles differ in formation mechanisms, chemical composition, sources, and 
exposure relationships. Figure 3.4 represents a schematic diagram of both primary and 
secondary particles formation. 

- I, - 
NOx Emissions 

I I 
NH3 Emkssbns 

I I 
Primary H$O4 

Emissions I 

Figure 3.4. Schematic diagram of particle formation (adapted from Meng et al 1997). 

Fine PM is derived from combustion material that has volatilized and then condensed to form 
primary PM, or from precursor gases (such as sulfur dioxide, nitrogen oxides, and certain 
organic compounds) reacting in the atmosphere to form secondary PM. Fine particles 
typically are comprised of sulfate, nitrate, ammonium, elemental carbon, organic compounds, 
and a variety of other compounds. 

Coarse particles, in contrast, are formed by crushing, grinding, and abrasion of surfaces, 
which breaks large pieces of material into smaller pieces. These particles are then suspended 
by wind or by anthropogenic activity such as construction, mining, and agricultural activities. 

-t 

3-12 



54 

As the particles respond to conditions in their atmospheric environment, their chemical and 
physical properties - and hence their characteristics, such 2s light scattering and toxicity - can 
change by accumulation of atmospheric gas-phase chemical reaction ‘products or through 
heterogeneous reactions with gas-phase species. 

3.3.A Nitrate Chemistry 

The atmospheric chemistry leading ‘to formation of particulate nitrate is fairly complicated. 
Fresh NOx emissions, which consist primarily of nitric oxide (NO) undergo reactions with 
ozone and peroxy radicals to form nitrogen dioxide (NO& via the reactions shown below. 

NO+O, + NO2 + O2 (3.1) 

NO+HOs + NO2 + OH (3.2) 

The NO2 can be directly converted to nitric acid via the homogenous gas phase reaction with 
the hydroxyl radical (OH). 

NO*+OH + HN03 (3.3) 

This is the principal formation mechanism for nitric acid in the daytime (Finlayson-Pitts and 
Pitts, 1999). Modeling calculations suggest that more than 90% of the daylight HN03 
formation occurs via this reaction. It involves the OH radical, which is the key species in the 
photochemical oxidation cycle. The OH radical concentration is controlled by the amount of 
sunlight and the ambient concentrations of ozone, water vapor, NO, Non, and reactive 
organic compounds. 

NOa reacts with 03forming nitrate radical (N03). An important reaction of NOs is with NO2 to 
form N205. The second major formation pathway for nitric acid is the reaction of N205 with 
water vapor and liquid water. 

N205 + HZ0 + 2 HN03 (3.4) 

The rate of reaction will only be significant when the liquid water content of the atmosphere is 
high, i.e., when clouds and fog are present. 

There is a wide range of conversion rates for nitrogen dioxide to nitric acid, ranging from less 
than 1 percent per hour to 90 percent per hour. Although they vary throughout a 24-hour 
period, these rates are significant during both daytime and nighttime hours..This is in contrast 
to the gas-phase sulfate chemistry, which is most active during daylight hours. 

The principal chemical loss process for gas-phase nitric acid is its reaction with gaseous 
ammonia to form ammonium nitrate (NH,NO,). 

NH3 + HNOB + NH4N03 (reversible) (3.5) 

This reversible reaction is believed to be the primary source of fine (~2.5 pm diameter) nitrate 
aerosol in California’s urban air. The equilibrium constant for the reaction is both temperature- 
and relative humidity-dependent. High humidity and low temperature favor NH4N03 formation. 
Aqueous NH,N03 is formed at relative humidities above the relative humidity of 
deliquescence (62%). 

Another pathway for the formation of nitrate aerosol is a heterogeneous chemical reaction 
between sea-salt particles and gas-phase nitric acid, leading to thermally stable sodium 
nitrate production in the particle phase accompanied by liberation of gaseous hydrochloric 
acid (HCI) from the particles. Gard et al. (1998) focussed their study on the replacement of 
chloride by nitrate in sea-salt particles (reaction 3.6) at Long Beach. 

HNOB l NaCl -+ NaNO, + HCI (3.6) 
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Reaction (3.6) may be the principal source of coarse (2.5 to 10 pm) nitrae, and plays an 
important role in atmospheric chemistry because it is a permanent sink for gasphase nitrogen 
oxide species. This reaction is one of the most extensively studied heterogeneous chemical 
reactions in the laboratory, and the extent to which this occurs is affected by many factors, 
including gas-phase and particle-phase concentrations, temperature, relative humidity, and 
reaction time. 

Significant amounts of NOx can be converted to organic nitrates, such as peroxyacetyl nitrate 
(PAN) which is the most abundant organic nitrate in urban air. The thermal decomposition of 
PAN is very temperature sensitive. As temperature rises, PAN decomposes back to NO* and 
methyl peroxyacetyl. A deficit exists in observable NOv species in ambient air, and it is 
thought that PAN-analog compounds could comprise a significant part of the missing nitrogen 
species. Nitric acid and ammonia are believed to be deposited on surfaces very rapidly, while 
sulfate deposits relatively slowly. NOx, ammonium, and nitrate aerosol deposit at rates in 
between these two extremes. 

The atmospheric chemistry leading to formation of particulate nitrate is complicated. The rate 
of formation depends on the concentrations of many intermediate species (including ammonia 
and radical species) involved in the reactive organic gases and NOx photochemical system. 
Figure 3.5 summarizes chemical pathways involving nitrogen oxides in the atmosphere 
(Warneck 1999). Photochemically induced reaction pathways are indicated by bold arrows. 
These processes are active only during the day, whereas the others occur at all times. 

Until recently it was assumed that the end product of tropospheric NOx was nitric acid. 
However, a recent research project conducted under ARB sponsorship (Mochida and 
Finlayson-Pitts 2000) has shown that nitric acid on a surface can react with NO to regenerate 
NO* which can then form ozone and, particulate nitrate; Preliminary model’ing studies suggest 
that this reaction may increase the formation of particulate nitrate and that existing models 
underestimate the benefit of NOx controls for reducing PM and ozone. This finding may have 
very serious implications as to the effectiveness of control strategies for both ozone and PM. 
An additional research contract is continuing with a focus on providing a more complete 
understanding of the effect of heterogeneous nitrogen chemistry on ozone and particle 
formation. The information gained in this project may have very serious implications as to the 
effectiveness of control strategies for both ozone and PM. 
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Figure 3.5. Oxidation scheme for nitrogen oxides and related compounds (adapted 
from Warneck 1999). 

Ambient concentrations of secondary particles are not necessarily proportional to the 
quantities of their precursor emissions, since the rates at which they form and their 
gas/particle equilibria. may be, controlled by factors other than the concentration of the 
precursor gases. The rate of NOx oxidation and the branching ratio between inorganic and 
organic nitrates depends on the specific environ.mental conditions in addition to reactant 
concentrations (Seinfeld and Pandis 1998). The partitioning of inorganic nitrate between 
gaseous nitric acid, ammonium nitrate, and nonvolatile nitrate is known to depend on a 
number of factors, such as relative humidity, temperature, and ammonia, in a nonlinear 
manner. 

Secondary ammonium nitrate is generally the largest contributor to the PM25 mass during 
the winter at most of the urban sites in California. The results of several studies (Magliano et 
al.,1999; Kim, et al. 2000) indicate that during some episodes of high particle concentrations 
in California, ammonium nitrate - formed secondarily from NOxand ammonia emissions - can 
account for over half of the PM25 mass. The formation of secondary particles, which are a 
major contributor to the fine PM levels in California, from gas-phase precursors is a complex, 
nonlinear process. Consequently, a one-to-one relationship between precursor emissions and 
ambient secondary PM concentrations is not expected. Understanding how particulate 
ammonium nitrate is formed and how to effectively reduce it through controls on NOx and/or 
ammonia sources is a critical part of California’s PM2.5 program. 

3.3.2 Sulfate Chemistry 

Sulfur dioxide emissions result almost exclusively from the combustion of sulfur-containing 
fuels. Other sulfur compounds, such as sulfur trioxide (SO& sulfuric acid (H2S04), and 
sulfates (SO,‘-), may also be directly emitted during combustion of sulfur-containing fuels, 
although usually only in small amounts- In the atmosphere, sulfur dioxide is chemically 
transformed to sulfuric acid, which can be partially or completely neutralized by ammonia and 
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other alkaline substances in the air to form sulfate salts (Warneck 1999; Seinfeid and Pandis 
1998). 

The oxidation of sulfur dioxide to sulfuric acid can occur in the gas phase, in or on particles, 
and in the aqueous phase (i.e., in droplets of rain, clouds, or fogs). Sunlight intensity, the 
presence of oxidants and oxidant precursors, relative humidity, and the presence of fogs and 
clouds all appear to be related to the observed high oxidation rates. Results of several studies 
show that aqueous-phase oxidation of SOn is a significant pathway for the total transformation 
of so*. 

3.3.2.1 Aqueous-Phase Sulfur Dioxide Reactions 

Oxidation of sulfur dioxide can also occur in the aqueous phase via reactions of dissolved 
sulfur constituents (hydrated SOP, sulfite, and bisulfite; collectively called S(IV)) with hydrogen 
peroxide (HZ&), ozone, and oxygen catalyzed by iron and manganese (Kleinman 1984; 
Seigneur et al. 1984). Ozone is an important oxidant for sulfur dioxide at high pH, but its effect 
becomes negligible at pH levels less than 4. The extent of S(IV) oxidation is primarily limited 
by the availability of H202 and the low solubility of sulfur dioxide at low pi-t. When fog droplets 
form on acidic nuclei, the low initial pH prevents oxidation of S(IV) other than by H202. 

The effects of season and time of day suggest the importance of photochemistry, and 
perhaps temperature, in the oxidation rate of Son. This does not necessarily imply that 
oxidation reactions themselves are photochemical in nature, but rather they may involve 
oxidants such as Hz02 which are formed through photochemical processes. 

The fastest atmospheric reactions of SOa believed to be with H202, and with O3 at higher pH 
values. Under extreme conditions of large droplets (MO pm) and very high oxidant 
concentrations, the chemical reaction times may approach those of Bd’i#usion, partiiuMy in 
the aqueous phase. However, it is believed that under most conditions typical of the 
troposphere, this will riot be the case and the chemical reaction rate will be rate determining in 
the S(IV) aqueous phase oxidation. 

in heavily polluted atmospheric water droplets, such as those found in urban fogs, metal- 
catalyzed S(IV) oxidation is a significant contributor to formation of S(VI) in the liquid phase, 
and apparently is more important than oxidation by H202. 

3.3.2.2 Gas-Phase Sulfur Dioxide Reactions 

Sulfur dioxide is converted to sulfuric acid in the gas phase during daylight hours, primarily by 
reaction with hydroxyl radical (OH). (See reaction sequence below.) 

OH+S02 -+ HOSO;! (3.7) 

HOSO + O2 -+ HO:! + SO3 (3.8) 

SO3 + HZ0 + wa P-9) 

The S03-HP0 adduct may dissociate back to reactants with about the same probability as it 
rearranges to sulfuric acid. Thus, the kinetics of sulfuric acid formation in reaction (3.9) may 
be considerably more complex than if it were a simple bimolecular reaction as written above. 

Because of its extremely tow vapor pressure (<‘IQ7 atmospheres), sulfuric acid quickly 
adheres to existing particles. Sulfuric acid reacts irreversibly with ammonia to form 
ammonium bisulfate, NH4HS04 and ammonium sulfate, (NH&SO+ Since the sedimentation 
velocity of these submicrometer particles is very Dow, sulfate can be transported long 
distances. In the absence of precipitation or fog, the typical atmospheric lifetime of fine 
particulate sulfate is on the order of several days. Washout by precipitation and accelerated 
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sedimentation resulting from incorporation of sulfate particles into fog droplets are important 
sinks. 

In power-plant or smelter plumes containing SO2 and NOx, the gas-phase chemistry depends 
on plume dilution, sunlight, and volatile organic compounds, either in the plume or in the 
ambient air mixing into and diluting the plume. For the conversion of SO2 to HZS04, the gas- 
phase rate in such plumes during summer midday conditions in the eastern United States 
typically varies between 1 and 3% h-’ but in the cleaner western United States rarely exceeds 
1% h-l. For the conversion of NOx to HN03, the gas-phase rates appear to be approximately 
three times faster than the SOa conversion rates. During the winter, rates for SO2 conversion 
are approximately an order of magnitude lower than during the summer. 

The contribution of aqueous-phase chemistry to particle formation in point-source plumes is 
highly variable, depending on the availability of the aqueous phase (wetted aerosols, clouds, 
fog, and light rain) and the photochemically generated gas-phase oxidizing agents, especially 
H202 for SO2 chemistry. The in-cloud conversion rates of SO2 to SOd2- can be several times 
larger than the gas-phase rates. Overall, it appears that SOZ oxidation rates to SO4” by gas- 
phase and aqueous-phase mechanisms may be comparable in summer, but aqueous phase 
chemistry may dominate in winter. 

Nationwide, large reductions in ambient SO2 concentrations have resulted in reductions in 
sulfate formation that would have been manifest in PM25 concentrations on the regional 
scale in the eastern and central United States, where sulfate has historically constituted a 
larger fraction of PM2.5 than in the west. Likewise, reductions in NO2 concentrations would 
have had a more noticeable impact on PM2.5 concentrations in the western United States 
than in the eastern United States because nitrate is a larger component of the aerosol in the 
western United States. Trends in aerosol components (i.e., nitrate, sulfate, carbon, etc.) are 
needed for a more quantitative assessment of the effects of changes in emissions of 
precursors. Measurements of aerosol nitrate and sulfate concentrations have been obtained 
at North Long Beach and Riverside, CA, since 1978 (Dolislager and Motallebi, 1999). 
Downward trends in aerosol nitrate have tracked downward trends in NO, concentrations, and 
SO2 and sulfate concentrations have both decreased. However, the rate of decline of sulfate 
has been smaller than that of SOa, indicating that long-range transport of sulfate from outside 
the air shed may be an important source in addition to the oxidation of locally generated S02. 
There are a number of reasons why pollutant concentrations do not track estimated 
reductions in emissions. Some of these reasons are related to atmospheric effects, such as 
meteorological variability and changes in the rates of photochemical transformations and 
deposition. Other reasons are related to uncertainties in ambient measurements and in 
emissions inventories. 

3.3.3 Organic Particles 

Atmospheric particulate carbon consists of both elemental carbon (EC) and organic carbon 
(OC). Elemental carbon has a chemical structure similar to impure graphite and is emitted 
directly by sources. Organic carbon can either be emitted directly by sources (primary OC) or 
can be the result of the condensation of low-vapor-pressure products of the gas-phase 
reactions of hydrocarbons onto the existing aerosol (secondary OC). Atmospheric carbon 
particles are emitted from more than 70 different types of air pollution sources (Gray and 
Cass 1998). Obvious sources include gasoline-powered motor vehicles, heavy-duty diesel 
vehicles, railroad engines, boilers, aircraft and many other combustors that burn fossil fuel. To 
the emissions from fuel combustion are added carbon particles from woodsmoke, food 
cooking operations, and even an ambient concentration increment from such minor sources 
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as cigarette smoke. In addition, there are fugitive sources inciuding the. organic carbon 
content of paved road dust, tire dust and vehicular brake wear particles. 

PIlthough the mechanisms and pathways for forming inorganic secondary particulate matter 
are fairly well known, those for forming secondary organic PM are not as wel! understood. 
Ozone and the hydroxyl radical are thought to be the major initiating reactants. Pandis et al. 
(1992) identified three mechanisms for formation of secondary organic PM: (1) condensation 
of oxidized end-products of photochemical reactions (e.g., ketones, aldehydes, organic acids, 
hydroperoxides), (2) adsorption of organic gases onto existing solid particles (e.g., polycyclic 
aromatic hydrocarbons), and (3) dissolution of soluble gases that can undergo reactions in 
particles (e.g., aldehydes). The first and third mechanisms are expected to be of major 
importance during the summertime when photochemistry is at its peak. The second pathway 
can be driven by diurnal and seasonal temperature and humidity variations at any time of the 
year. With regard to the first mechanism, Qdum et al. (1996) suggested that the products of 
the photochemical oxidation of reactive organic gases are semivolatile and can partition 
themselves onto existing organic carbon at concentrations below their saturation 
concentrations. Thus, the yieid of secondary organic PM depends not only on the identity of 
the precursor organic gas but also on the ambient levels of organic carbon capable of 
absorbing the oxidation product. 

The formation of atmospheric aerosols from biogenic emissions has been of interest for many 
years. Recent laboratory and field studies support the concept that nonvolatile and 
semivolatile oxidation products from the photo-oxidation of biogenic hydrocarbons could 
contribute significantly to ambient PM concentrations in both urban and rural environments. A 
number of multifunctional oxidation products have been identified in laboratory studies (Vu et 
al. 1998; Glasius et al. 2000; Koch et al. 2000). Many of these compounds have subsequently 
been .idenfified in field‘ investigations (Kavouras et al. 1998, 1999b). However, further 
investigations are needed to accurately assess their overall contributions to fine PM 
concentrations. 

Generally, organic PM concentrations, composition, and formation mechanisms are poorly 
understood. Particulate organic matter is an aggregate of hundreds of individual compounds 
spanning a wide range of chemical and thermodynamic properties (Saxena and Hildemann, 
1996). Some of the organic compounds are “semivolatile” such that both gaseous and 
condensed phases exist in equilibrium in the atmosphere. The presence of semivolatile or 
multiphase organic compounds complicates the sampling process. Understanding the 
mechanisms of formation of secondary organic PM is important because secondary organic 
PM can contribute in a significant way to ambient PM levels, especially during photochemical 
smog episodes. Experimental studies of the production of secondary organic PM in ambient 
air have focused on the Los Angeles Basin. Turpin and Huntzicker (1994, 1995) provided 
strong evidence that secondary PM formation occurs during periods of photochemical ozone 
formation in Los Angeles and that as much as 70% of the organic carbon in ambient PM was 
secondary in origin during a smog episode in 1987. Schauer et al. (1996) estimated that on 
an annually averaged basis, 20 to 30% of the total organic carbon PM in the c2.1pm size 
range in the Los Angeles airshed was secondary in origin. 

A high degree of uncertainty is associated with all aspects of the calculation of secondary 
organic PM concentrations. Currently, it ‘is not possible to fully quantify the concentration, 
composition, or sources of the organic components. Many of the secondary organic aerosol 
components are highly oxidized, difficult to measure, multifunctional compounds. This is 
compounded by the volatilization of organic carbon from filter substrates during and after 
sampling as well as potential positive artifact formation from the absorption of gaseous 
hydrocarbon on quartz filters. In addition, no single analytical technique is currently capable of 
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analyzing the entire range of organic compounds present in the atmosphere in PM. Even 
rigorous analytical methods are able to identify only 10 to 20% of the organic PM mass on the 
molecular level (Rogge et al. 1993a; Schauer et al. 1996). 

Environmental smog chambers can be useful in elucidating the chemical mechanisms 
associated with the formation of compounds found in organic PM; however, significant 
uncertainties always arise in the interpretation of smog chamber data because of wall 
reactions. Limitations also exist in extrapolating the results of smog chamber studies to 
ambient conditions found in urban airsheds. Additional laboratory studies are needed to 
comprehensively identify organic compounds, strategies need to be developed to sample and 
measure such compounds in the atmosphere, and models of secondary organic aerosol 
formation need to be improved and added to air quality models in order to address 
compliance issues related to reducing PM mass concentrations that affect human exposure. 

3.3.4 Particle-Vapor Partitioning 

Several atmospheric aerosol species, such as ammonium nitrate and certain organic 
compounds, are semivolatile and are found in both gas and particle phases. A variety of 
thermodynamic models have been developed to predict the temperature and relative humidity 
dependence of the ammonium nitrate equilibria with gaseous nitric acid and ammonia. The 
gas-particle distribution of semivolatile organic compounds depends on the equilibrium vapor 
pressure of the compound, total particle surface area, particle composition, atmospheric 
temperature, and relative humidity. Although it generally is assumed that the gas-particle 
partitioning of semivolatile organics is in equilibrium in the atmosphere, neither the equilibria 
nor the kinetics of redistribution are well understood. Diurnal temperature fluctuations, which 
cause gas-particle partitioning to be dynamic on a time scale of a few hours, can cause 
semivolatile compounds to evaporate during the sampling process. The pressure drop across 
the filter can also contribute to loss of semivolatile compounds. The dynamic changes in gas- 
particle partitioning, caused by changes in temperature, pressure, and gas-phase 
concentration, both in the atmosphere and after collection, cause serious sampling problems. 

A recent ARB-funded final research report (Ashbaugh et al. 1998) describes analysis of three 
data sets to evaluate the extent of mass loss on polytetrafluoroethylene (PTFE or Teflon@) 
filters due to ammonium nitrate volatilization. The results indicated that the effect on 
measured mass is site-dependent, and depends on the meteorological conditions and the 
fraction of PM mass that consists of ammonium nitrate particles. There is no straightforward. 
method to correct for the mass loss without measuring it. The highest mass loss occurred 
during summer daytime in southern California, amounting to 3040% of the gravimetric mass. 
This study of ammonium nitrate suggests potentially significant nitrate or semivolatile organic 
compounds loss using the Federal Reference Method sampler for fine particle sampling 
because it uses PTFE filters for mass concentrations. This may lead to control strategies that 
are biased toward sources of fugitive dust and other primary particle emission sources. 

3.4 Summary 
Atmospheric particles originate from a variety of sources and possess a range of 
morphological, chemical, physical, and thermodynamic properties- Atmospheric size 
distributions show that most atmospheric particles are. quite small, below 0.1 pm, whereas 
most of the particle volume (and therefore most of the mass) is found in particles greater than 
0.1 urn. Several processes influence the formation and growth of particles. New particles may 
be formed by nucleation from gas phase material. Existing particles may grow by 
condensation as gas phase material condenses onto existing particles. Particles may also 
grow by coagulation as two particles combine to form one. Gas phase material condenses 
preferentially on smaller particles and the rate constant for coagulation of two particles 
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decreases as the particle size increases. Therefore, nuclei mode particles grow into the 
accumulation mode but accumulation mode.particles do not grow into the coarse mode. 

The lifetimes of particles vary with particle size. Coarse particles can settle rapidly from the 
atmosphere within minutes or hours, and normally travel only short distances. However, when 
mixed high into the atmosphere, as in dust storms, the smaller-sized, coarse-mode particles 
may have longer lives and travel greater distances. Accumulation-mode fine particles are kept 
suspended by normal air motions and have very low deposition rates to surfaces. They can 
be transported thousands of kilometers and remain in the atmosphere for a number of days. 
Accumulation-mode particles are removed from the atmosphere primarily by cloud processes. 
Coarse mode particles of less than 10 pm diameter as well as accumulation-mode and nuclei- 
mode (or ultrafine) particles all have the ability to penetrate deep into the lungs and be 
removed by deposition in the lungs. 

The major constituents of atmospheric PM are sulfate, nitrate, ammonium, and hydrogen 
ions; particle-bound water; elemental carbon; a great variety of organic compounds; and 
crusta! material. Particulate material can be primary or secondary. PM is called primary if it is 
in the same chemical form in which it was emitted into the atmosphere. PM is called 
secondary if it is formed by chemical reactions in the atmosphere. Primary coarse particles 
are usually formed by mechanical processes. Primary fine particles are emitted, either directly 
as particles or as vapors that rapidly condense to form particles. 

Most of the sulfate and nitrate and a portion of the organic compounds in atmospheric 
particles are secondary. Secondary aerosol formation depends on numerous factors including 
the concentrations of precursors; the concentrations of other gaseous reactive species such 
as ozone, hydroxyl radical, peroxy radicals, or hydrogen peroxide; atmospheric conditions, 
including solar radiation and relative humidi~; and the interactions of precursors and 
preexisting particles within cloud or fog droplets, or on or in the liquid film on solid particles. 
As a result, it is considerably more difficult to relate ambient concentrations of secondary 
species to sources of precursor emissions than it is to identify the sources of primary 
particles. 

Finally, current filter-based mass measurements lead to significant evaporative losses, during 
and possibly after collection, of a variety of semivolatile components (i.e., species that exist in 
the atmosphere in dynamic equilibrium between the condensed phase and gas phase). 
Important examples include ammonium nitrate and semivolatile organic compounds. Loss of 
these components may significantly impact the quality of the measurement, and can lead to 
both positive and negative sampling artifacts. The systematic bias in the sampling method is 
likely to result in a bias in recommended control strategies. If the measured mass is under- 
represented by the semivolatile compounds in the atmosphere, other sources of particulate 
matter will be over-represented. Thus, control strategies developed from the biased data will 
tend to overemphasize controls on nonvolatile species. 
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4. Sources a.ncEmissions of Particles 

Particulate matter is produced by emission sources either directly in particle form (primary 
PM) or as gases that react in the atmosphere to produce particulates (secondary PM). The 
em&ions are produced by stationary, mobile, area-wide, and natural sources. For air 
pollution, the patticulates of concern are those that are 10 micrometers or less in size (PMAO), 
and, those that are 2.5 micrometers or less in size (PM25 which is a subset of PMIO). This 
section discusses the characteristics of the major particulate matter sources. 

PM emission levels are either measured, using monitoring equipment, or estimated, using 
emission inventory methods. Most of the information provided in this section is from estimated 
emission inventory data. This is currently the most reliable and comprehensive method of 
comparing PM emissions between sources and for evaluating regional emission sources. 

4.1 Primary Particulate Sources 
Primary particulate emission sources emit particulate matter directly to the air. Primary 
sources include stationary, mobile, area-wide, and natural particulate generating processes. 
Figure 4.1 summarizes the statewide directly emitted PM10 emission sources for California. 
Each of the major source categories depicted in the chart is discussed more fully below. 

4.1 .I Stationary Sources 

Stationary sources are generally small contributors to overall statewide primary particulate 
levels. The stationary source PM contribution is small because most major stationary source 
facilities have incorporated control equipment for decades and therefore are not large PM 
en-titters. Some stationary sources of PM include industrial sources such as petroleum 
refining, wood and paper processing, food and agricultural processing, and sand, rock, and 
gravel mining and handling. Most stationary source facilities submit emission inventory 
reports to their air districts, so PM from these sources is typically well quantified. Most of the 
PM generated by .combustion from stationary sources is PM2.5. Other stationary sources. 
such as those handling mineral products, emit relative greater proportions of PM1 0. 

4.1.2 Mobile Sources 

The contributions of directly emitted PM from mobile sources vary substantially within 
California. Sources of mobile emissions include gasoline and diesel powered vehicle exhaust 
emissions, tire wear, and break wear. Types of mobile sources include trucks, busses, heavy 
equipment, ships, trains, and aircraft. Like most combustion sources, the particulate 
emissions from mobile sources are nearly all in the PM25 size fraction. (This category does 
not include the road or soil dust created by car, truck, or equipment operations, which are 
included in the area-wide source category.) 

4.1.3 Area-Wide Sources 

Based on ambient measurements and emission inventory data developed by the ARB, area- 
wide sources contribute to a large fraction of the primary particulate emissions inventoried for 
the State. Area-wide sources are generally defined as sources that lack a definitive emissions 
point such as a stack or exhaust pipe, or sources which are r elatively small, numerous, and 
geographically spread out. 

For PMIO, some of the most significant area-wide sources of directly emitted PM are geologic 
dust, such as windblown dust from disturbed lands, paved road dust, unpaved road dust, 
construction activities, and agricultural land preparation. Typical area-wide combustion 
sources, which predominantly produce particulates in the sub-2.5 micrometer size range, 
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include burning of agricultural debris, open burning, forest and range management burning, 
wildfires, fireplaces and wood stoves. The major PM sources vary from region to region in 
California, as well as by season. 

4.1.4 Natural Sources 

Most natural sources of PM are not currently included in the statewide emission inventory. 
These sources include marine-derived airborne salts, windblown dust from undisturbed lands, 
and biogenic emissions from plants. However, wildfires are currently included in emission 
inventory estimates. 

4.2 Secdndary Particulate Sources 
Secondary particulate matter is typically 2.5 micrometers or less in size. Secondary PM is 
formed via atmospheric reactions of primary gaseous emissions. The gases that are the most 
significant contributors to secondary particulates in California are nitrogen oxides, ammonia, 
sulfur oxides, and certain organic gases. 

The primary sources of nitrogen oxides and sulfur oxides include motor vehicle exhaust and 
stationary combustion sources such as boilers and other industrial equipment. Sources of 
ammonia include livestock operations such as dairies and feedlots, fertilizer application, some 
industrial sources, and biogenic sources- Organic gases are produced by both anthropogenic 
and natural sources. 

Unlike direct emissions, it is not possible to develop an emission inventory for secondary 
particulates. This is because the particles form through various chemical pathways when 
gaseous emissions react in the atmosphere. So instead, the precursor gases are inventoried, 
and then location- and time-specific modeling is performed to estimate how much of each gas 
converts to particles. 

Because a significant component of PM25 can be due to gaseous precursors, a pie chart that 
includes only the directly emitted PM2.5 emissions can be misleading, and is not included in 
this document. Such a chart would not give an accurate representation of which sources 
contribute to PM25 levels, especially in regions with high secondary particulate levels. For 
PM2.5, chemically speciated air quality monitoring data often provides a more meaningful 
portrayal of the sources contributing to PM2.5 in the air. 

4.3 Regional Dependence of Source Contributions 
The contributors to primary PM vary regionally in the State. Urban areas are typically 
dominated by paved road dust and construction-related emissions for directly emitted PM. 
More rural regions include paved and unpaved road dust, farming operations, and windblown 
dust as major contributors. Desert regions often have some of the cleanest air in the State, 
but, when episodic windstorms occur, they also experience some of the most dramatic 
exceedances of the PM10 standards- Unpaved road dust, paved road dust, and construction 
activities also contribute to PM10 in the desert. 

Regional meteorology also plays a part in PM concentrations in the State. As mentioned, high 
winds can contribute to PM in the drier areas of the State. In other areas, stagnant air can 
exacerbate PM levels. Moist, colder weather in the San Joaquin Valley during winter 
contributes to the formation of secondary nitrates, and nitrates also contribute to high 
particulate levels in Southern California. In regions that are relatively cold, wood burning can 
substantially increase regional PM10 concentrations during the winter. In summary, the 
sources and quantities of PM emissions throughout the state are strongly affected by regional 
meteorology, geography, population, and land use. 
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4.4 Tempera% Dependence sd Ssurce Csnttjbhltions - 
Regional monitoring shows that many areas in the state show seasonal trends. in-ambient PM 
concentrations. For example, in the Sacramento Valley, PM values peak during October to 
January, and duly to August. in the San Joaquin Vailey, there are both winter and late fall 
peaks. The winter PM is predominantly fine particulate (PM25 and smaller secondary 
particulates), while the fall season PM has a more significant PM10 emission component due 
to directly emitted geologic dust. In Southern California, high PM levels occur at several times 
of the year based on meteorological conditions. In the Owens Valley, windstorms create 
short-term episodic high PM concentrations. And in places like Mammoth Lakes and Lake 
Tahoe, high.particulate levels typically occur in the winter due to woodstove emissions and 
application of anti-skid materials to icy roads. 

There are substantial regional and seasonal variations in the quantities and types of PM 
emitted to the air. These variations are not fully captured through emission estimates, 
especially when trying to include secondary particulates. Therefore, chemically speciated air 
quality monitoring data is a more effective means to identify the sources and levels of 
particulate matter for specific regions and locations. 
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Figure 4.1. California Statewide PM10 Emission Inventory, Direct Particulate 
Emissions, 2001 
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5. Measurement of Particemlate Matter - 
5.6 introduction 

On December 9, 1982, the California Air Resources Board {Board or ARB) replaced the total 
particulate matter ambient air quality standard with a standard that focused on particles of a 
smaller diameter. The Board approved amendments to the California Code of Regulations, 
title 17, section 70200, which modified the definition of suspended particulate matter (PM) to 
specifically include particulate matter with an aerodynamic diameter of 10 microns or less 
(PMIO), and established PM10 ambient air quality standards. The Board included general 
reference to a PM10 measurement method in the standard and directed staff to establish 
more specific criteria for PM1 0 sampling equipment. Method P, adopted by the Board in 1985, 
established the State method for ambient PM10 measurement. In 1986, the State identified 
the size selective inlet (SSI) high volume (hi-vol) PM10 sampler as the PM10 sampler 
satisfying the requirements of Method P. 

In December 2000, the Board determined that the state ambient air qua’lity standards for 
PM10 and particulate sulfates should be reviewed to ensure they are protective of public 
health. The Board asked staff to provide this review and any recommendations for changes 
to the standards by 2002. 

This chapter addresses the measurement methods that are required to be used to determine 
compliance with the newly proposed PM standards. At this time, the ARB proposes to align 
the state and federal requirements for PM samplers by adopting the Federal Reference 
Methods (FRMs) for PM10 and PM2.5 as the state’s method. The FRMs specify performance 
characteristics and operational requirements applicable to PM10 and PM2.5 monitoring 
methods, and for Plvl2.5, Specify SambIer design characteristics’. The associated‘ samplers 
meet the requirements specified in the methods- The method and associated sampler are 
designated as a reference method. We are not proposing to adopt Federal Equivalent 
Methods, per se, given their history of poor performance in California. Continuous samplers 
will be addressed, however, and will be incorporated as California Approved Samplers based 
on their performance in a recently concluded study in Bakersfield, CA. 

The reference methods (FRMs) are traditional, filter-based sampling methods with laboratory 
weighing of the filters before and after sampling. The sampling and analytical methods are 
both labor-intensive. Each sample is collected during a 24-hour period, and one sample 
typically is taken every six days throughout the year at each monitoring station. There is a 
time-lag of days to weeks from the date of sampling to the time results are available. 

Continuous monitoring for either PM10 or PM2.5 has many advantages over traditional filter 
based sampling techniques. A continuous method is an in-situ, automatic measurement 
method of suspended particle mass with varied averaging time (minutes to hours) that 
provides an instantaneous result. Their 24/7 sampling schedule will further our understanding 
of PM emission patterns and exposure, and can be used to enhance public health research 
into short-term peak exposure. They can provide more data for model validation, to aid in 
identifying air pollution source(s), and to reflect dispersion patterns. Official approval of 
continuous instruments/methods will promote further development of continuous samplers 
and potentially reduce the cost of the air monitoring network. 
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5.2 Existing Monitqring Requirements 

5.2.1 State Method P for PM10 

Method P (cited in title 17, California Code of Regulations, sections 70100 and 70200) 
describes the design and performance requirements for the PM10 sampler to be used to 
determine compliance with the state ambient air quality standards. Method P is contained in 
Appendix 5 part A of this document and describes the operating principle and design of the 
samplers, which are in turn specified in proposed section 70100.1. 

An “ideal” sampler should be designed to determine the mass concentration of ambient 
particulate matter of a mean aerodynamic diameter of IO micrometer (pm) or less (PMIO) to 
simulate particle penetration of the human respiratory system as described by the Chan- 
Lippmann model (1980). According to this model, PM10 particles are small enough to enter 
the thoracic region of the human respiratory tract. An ideal sampler is the one that collects 50 
percent (referred as D50) of all particles of IO & 1 pm aerodynamic diameter, and which 
collects a rapidly declining fraction of particles as their diameter increases and rapidly 
increasing fraction of particles of smaller particle diameters. Aerodynamic diameter is defined 
as the diameter of a spherical particle of a unit density with settling velocity equal to that of 
the particle in question. Particles with the same size and shape but with different densities 
will have different aerodynamic diameters. 

Suspended particulate matter refers to atmospheric particles, solids, or liquids, except 
uncombined water. Dry, free-flowing particles should be sampled with the same efficiency as 
liquid, sticky particles. The expected mass concentrations of liquid particles should be within 
the limits of that predicted by the ideal sampler. For solid particles, the expected mass 
concentration should be no more than 5 percent above that obtained for liquid particles of the 
same size. The sampler must have less than 15 percent variation in the measurements 
produced by three collocated samplers. 

Meteorology is one of several factors that can effect sampling efficiency. The performance of 
a PM10 sampler should be independent of wind speed to simulate human respiration. The 
inlet design and its internal configuration should be such that it shows no dependency on wind 
direction and wind speed when operated within 2 to 24 kilometers-per-hour wind speeds. To 
do this, the inlet should be omnidirectional, that is, the inlet should be symmetrical about the 
vertical axis. 

A sampler must possess a sampling medium (filter) upon which the PM ‘is collected without 
spattering and falling off. The sampler should be designed to hold and seal the filter in a 
horizontal direction so that the sample air is drawn uniformly downward through the filter to 
allow a uniform distribution of PM10 collected so as to permit subdivision of the filter for 
qualitative and quantitative analysis. Filters shall have a collection efficiency of more than 99 
percent as measured by the dioctyl phthalate (DOP) test (ASTM-2986), with 0.3 pm particles 
at flow rates equal to the sampler’s operating face velocity. Filters must have mechanical and 
chemical stability and be stable in a wide temperature range to allow a variety of qualitative 
and quantitative analyses. Filters must minimize artifacts, that is, should not react with the 
deposit and must not absorb contaminant gases. They must be non-hygroscopic, and have 
high chemical purity with alkalinity of ~5 microequivalents/gram. The filters must be 
equilibrated prior to use at constant temperature and humidity conditions. 

The sampler must possess an automatic flow control device which maintains a constant flow 
rate to within i IO percent of the recommended range for the sampler inlet over normal 
variations in line voltage and filter pressure drop during the sampling period. Change in flow 
velocity will result in change in nominal particle size collected. Therefore, it is important that 
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the flow rate through the inlet be maintained at a constant vaiue that is as close as possible to 
the inlet design flow rate. 

A timing/control device should be capable of starting and stopping the sampler during a 
sample collection period of 24 f 1 hr (1,440 ? 6c! min). An elapsed time meter, accurate to 
within 15 minutes, shall be used to measure sampling time. This meter is optional for 
samplers with continuous flow recorders if the sampling time measurement obtained by 
means of the recorder meets the k 15 minutes accuracy specification. Using the total 
sampling time, the total volume of air sampled is determined. PM concentration is computed 
as the total mass of collected particles in PM?0 size iange divided by the volume of air 
sampled. The particulate matter concentration is expressed as micrograms per cubic meter 
(pg/m3) corrected to standard conditions (760 torr and 25 C). 

5.2.2 State Method for Sulfates 

State regulations (section 70200 of title 17, California Code of Regulations) contain an 
independent ambient air quality standard for particulate sulfates. The measurement method 
for sulfates described in this standard is high-volume TSP sampling, with filter analysis by 
Turbidimetric Barium Sulfate Spectrometry. AIHL Method 61, or “[alny equivalent procedure 
which can be shown to the satisfaction of the Air Resources Board to give equivalent results 
at or near the level of the air quality standard.” 

The ARE% current measurement method for sulfates is MLD Method 033, which uses TSP 
sampling followed by ion chromatography. However, adsorption of SOa with subsequent 
chemical reactions on the filter surface, can, at sufficient concentrations, lead to gas-to- 
particle conversion, and can create positive artifacts on the filter. These can be minimized 
with the use of alkalinity-controtled filters which are provided for in the current PM10 network 
and PM10 Federal Reference Methods. 

5.2.3 Federal Methods for PM10 

Federal ambient measurement methods must be used to determine the attainment status of 
air basins nationwide. Federal Reference Methods (FRMs) use the measurement principles 
and specifications defined in U.S. EPA regulations. Provisions also allow for a Federal 
Equivalent Method (FEM) to be approved by the U.S. EPA and used for the same purpose. 
The requirements for an FRM for PM10 are described in Appendix M, Title 40, Code of 
Federal Regulations Part 50, 1997, and are provided here as Appendix 5 part B to this 
document. These requirements are, for the most part, the same as the California Method P. 
This is understandable, as Method P was adopted by the ARB in consultation with the U.S. 
EPA as that agency was preparing to propose methods for the NAAQS for PMIO. A 
comparison of the two methods, item-by-item, is given in Appendix 5 part C. There are 
differences in a few specific requirements, which are highlighted in the table. The discussion 
below focuses only on those differences. The purpose of presenting this information is to 
highlight the need to update Method P. 

e The FRM requires PM10 sampler to simulate particle penetration of the human respiratory 
system as described by the Chan-Lippmann (1980), penetration model. The D50 cut- 
point of the sampler is 10 pm with a tolerance of + 0.5 pm, compared to the tolerance of + 
1 .O pm for Method P. 

0 The alkalinity of filter medium should be less than 2.5 microequivalents/gram for FRM as 
opposed to less than 5 microequivalents/gram for Method P. The filters should be 
equilibrated at constant relative humidity of between 20 percent and 45 percent +_5 
percent for FRM instead of ~50 percent relative humidity for Method P before weighing. 
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l The precision of collocated FRM samplers must be 5 pg/m3 for PM concentration below 
80 pg/m3 and 7 percent for PM1 Cl concentration above ‘86 pg/m3 for FRM, .as. opposed to 
15 percent for all concentrations for Method P. 

l The FRM requires the air flow rate through the sampler remain stable over a 24-hour 
period, regardless of filter loading; the specific requirements are +5 percent of the initial 
reading for the average flow, and *IO percent of the initial flow rate for any instantaneous 
flow measurement. For Method P, the flow rate should be within 10 percent at all times. 

l Typically, an analytical balance with a sensitivity of 0.1 mg is required for hi-vol samplers 
(flow rates >0.5 m3/min, large filters). Lo-vol samplers (flow rates CO.5 m3/min, smaller 
filters) require a more sensitive balance, which is not indicated in Method P. 

l The particulate matter concentration is expressed as micrograms per cubic meter (pg/m3) 
at local temperature and pressure (LIP) as opposed to standard temperature and 
pressure (STP, 760 torr and 25 C) for Method P. 

The other major difference between the State and federal method is the designation of FEM 
test protocols, not included in Method P, although method equivalency is referred to and 
accepted in general terms in State regulations. 

The differences between the FRMs and state-approved samplers can generally be attributed 
to advancements and improvements in sampler flow control and’frlter medium technology that 
occurred since Method P was established. The PM10 air monitoring network in California 
meets FRM requirements- Consequently, changing Method P to be consistent with the FRM 
will bring the criteria into line with both equipment and material specifications, and field and 
laboratory practices. 

5.2.4 Federal Methods for PM2.5 

The U.S. EPA promulgated rigorous design and performance specifications for its PM2.5 
FRM samplers (40 CFR part 50, Appendix L; 40 CFR part 53, Subpart E; and 40 CFR part 58, 
Appendix A, all dated July 18, 1997. These are set forth in Appendix 5, parts D, E and F, 
respectively, of this document). Only measurements made using U.S. EPA-designated FRM 
samplers may be used to determine an area’s compliance status with the PM25 NAAQS. 
The PM2.5 sampler is an adaptation of the PM10 lo-vol sampler that initially removes, by 
impaction, particles larger than PMIO. Downstream lies a second. impactor (Well lmpactor - 
Ninety-Six [WINS]) that reduces the cut point to 2.5 pm. 

The dimensions and materials of sampler components that come in contact with the sampled 
air stream (the first stage inlet, the downtube, the second stage separator WINS], the upper 
filter holder, the filter cassette, and the filter support screen) are specified by design (40 CFR 
part 50, Appendix L, July 18, 1997). The design of the other components of the FRM sampler 
is left to manufacturers, as long as resulting samplers meet all the prescribed performance 
specifications. 

Performance specifications include active monitoring of a number of operational 
characteristics of the samplers, including sampler volumetric flow, temperature, and pressure. 
The performance criteria specify strict requirements for controls that must be observed for 
sampler operations. These include sampling efficiency, accuracy, precision, sampling 
medium, flow controller, laboratory, calibration, and measurement procedures. The details of 
the performance criteria are given in Appendix L of 40 CFR part 50 (see Appendix 5 part D to 
this document). 

The current network of PM2.5 samplers in California (more than 80) was funded almost 
entirely by the U.S. EPA following the adoption of the federal PM2.5 standard. The U.S. EPA 
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continues to provide operating funds for the network. The samplers’ operation is governed by 
federal regulation. 

The network of PM25 samplers has been operating in California since 1999. Additional 
speciation sampiers wiii eventually supplement the FRM samplers and provide information 
about the composition of the particulate matter in the sample. Staff recommends adopting 
both the FRM sampler and the performance and operational requirements of the methods for 
the proposed State PM25 standard. Staff is not proposing to adopt the U.S. EPA’s FEM 
criteria for PM2.5. 

5.3 Available PM Sampling Methods 

There are two fundamental methods commonly used to measure atmospheric PM10 and 
PM2.5 that are potentially useable in California. The first is a laboratory-based, gravimetric, 
or filter method, in which particles segregated by size are collected on a pre-weighed filter 
medium and weighed after sampling to determine PM mass. PM concentration is calculated 
by dividing the mass increase of the filter by the 24-hour total volume of air (at ambient 
conditions) that passed through the fitter. 

The second fundamental technique employs in-situ field samplers that are based QT! different 
operational principles, but that all operate continuously and produce real-time, hourly average 
concentrations. There are pros and cons to either type of sampler. Over the years, the staff 
has heard reports of the need for both types of samplers. Consequently, staff is proposing to 
incorporate the leaders in both types of samplers as part of this regulation as California 
Approved Samplers for PM. 

New technology samplers may -be added in future years, and others perhaps deleted, from 
the list of approved stimpler as the situation warrants. The samplers proposed in this action 
have been demonstrated to have wide applicability, and have good agreement with standard 
methods. The intent of this rulemaking is to incorporate recent advances in sampler 
technology, align the state with federal samplers where possible, and incorporate samplers 
that can be used widely in California in areas with persistent high PM levels. The proposal 
does not support approving different samplers for every air basin or approving samplers that 
respond differently based on season of the year unless absolutely necessary. 

The staff carefully considered, the limitations of a wide variety of samplers in making the 
method proposals. Filter based methods can result in loss of PM during or after sampling, or 
formation of PM on the filter medium during sampling. Loss of semi-volatile chemical species 
such as atmospheric ammonium nitrate and organ& may occur during and after sampling as 
particles move from the particle to the gas phase. The amount of particulate matter lost is 
dependent on the concentration and composition of the semivolatile components, and the 
handling and retention time on the sampler at the conclusion of the sample run. Loss of 
volatile chemical species can underestimate PM mass. PTFE (polytetrafluoroehtylene or 
Teflon@) filters can easily lose semi-volatile materials (a so-called negative artifact) (Eatough 
et al., 1993; Gundel et al., 1995). Therefore, regular sampling procedures now include steps 
to minimize these losses, including rapid removal of filters from the sampler, prompt storage 
in Petri dishes, transport in cool environments, expedited transport of filters from the field to 
the weigh rooms, and prompt e,xtractions once the filters are weighed (Achtelik and Omand, 
1998). 

Adsorption of gases (such as SQZ) with subsequent chemical reactions with other gases on 
the filter surface, can, at sufficient concentrations, lead to gas-to-particle conversion, and can 
create positive artifacts on the filter. These can be reduced with the use of alkalinity- 
controlled filters and possibly the use of low-volume samplers. 
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Formation particles from gaseous species can lead to overestimation of PM mass (i.e., a 
positive artifact). Quartz ‘filters can adsorb some gas-phase organics producjng positive 
artifacts (Gundel et al., 1995; Turpin et al., 1994). 

Operation of conventional filter-based samplers with laboratory gravimetric analysis is 
extremely time-consuming and labor intensive to produce a single mass measurement 
compared to real time, continuous samplers. Moreover, data are available only on a 24-hour 
average basis from conventional filter-based techniques. This limits using the data to 
investigate sub-24-hour health effects. The time lag inherent in data availability in 
conventional filter-based methods also precludes their use to provide the general public with 
timely warnings about episodic air pollution hazards. Filter-based systems can also have 
problems with particle loss during handling and transport, particularly when mass loading on 
the filter is high. These “sloughing” effects have been minimized by having strict operational 
protocols. 

5.3.1 General Description of Gravimetric Methods 

53.1 .I Hiqh-Volume Size Selective Inlet Sampler 

The size selective inlet (SSI) sampler is described in Method P and is recognized by the 
U.S.EPA as an FRM. California identified the SSI in May 1986 as the PM10 sampler to be 
used for the State AAQS. The U.S. EPA identified it in q987 as an FRM (U.S. EPAIORD, 
2000). 

The high-volume (hi-vol) SSI sampler used in the State and federal PM10 networks consists 
basically of a PM10 inlet, an impactor, a flow control system recorder, and a pump. The 
automatic flow control system consists of either a mass flow controller or a volumetric flow 
controller, which controls the flow to 40 ft3/min (at standard temperature and pressure). The 
flow rate through the impactor is used with the elapsed time to determine size of particle 
collected and the volume of air sampled. According to one manufacturer, its inlet has a cut- 
point of 9.7 pm in winds up to 22 miles per hour (36 kilometers per hour) (Therm0 Andersen, 
In -;.). 

PM10 hi-vol samples are collected on an 8x10 inch (20x25 cm) quartz filter that offers high 
collection efficiencies and is resistant to absorbing artifacts related to the collection of sulfates 
and nitrates. However, the quartz filter can under some circumstances adsorb organic vapor 
more readily than a PTFE filter leading to an overestimation of PM mass (Turpin et al., +l994). 
Volatile constituent losses during sampling and transport are known to exist; however, prompt 
sample removal can minimize these losses. 

There are three versions of the SSI samplers currently designated as FRMs. The unit widely 
used in California, the SA-1200 (Sierra-Anderson 1200), is a single-stage fractionator with 
hinged design to facilitate oiling and cleaning of the impaction shim. 

The SSI sampler provides a direct measurement of PM10 mass concentration. The large 
filter size provides two benefits. First, it increases the precision and accuracy of mass 
measurement, and second, it provides sufficient PM that can be analyzed for many of the 
primary constituents of interest. 

5.3.1.2 Low-Volume Sampler 

5.3.1.2.1 PM10 

Low-volume (lo-vol) PM10 FRM samplers collect PM of a specific size range on a filter at a 
flow rate considerably less than for the hi-vol samplers. A lo-vol sampler consists of a PM10 
inlet, an impactor, a pump, a flow rate controller, and a timer. Fundamentally, the operational 
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principies of the io-voi and the hi-voi (SSS) samplers are the same. The differences occur with 
features such as the.inlet’ size, flow rate, and, filter size. These differences, are discussed 
below. The flow rate in both cases is a critical feature of the instruments ability to segregate 
particle sizes. Lo-vol samplers were not available at the time Method P was promulgated. 

Federally approved lo-v01 samplers (FRM) are equipped with either a flat or tilted PM10 inlet, 
as specified in Appendix L of 40 CFR Part 50 (Figures L-Z through L-19). They use small 
PTFE-coated fiber filters. The filters are chemically stable, and suitable for a wide 
temperature range. The sampler may have a manual or an automatic filter-changing 
mechanism. It must be able to measure 24-hour PM1 0 ‘mass concentrations of at least 300 
pg/m3, while ‘maintaining the operating flow rate within the specified limits. 

FRM lo-vol samplers operate at a flow rate of 36.67 Ipm. They use gravimetric means to 
determine ambient PM mass concentrations. The PTFE filters can be analyzed for elements, 
but are incompatible for analysis of some elements such as carbon, and do not provide a 
large enough sample to analyze all chemical constituents. The FRM lo-v01 samplers have the 
same labor-intensive limitations of the hi-vol samplers which, in air monitoring networks, 
aflows for only intermittent, 24-hour samp!ing. 

5.3.1.2.2 PM2.5 

PM25 FRM samplers are updated .versions of the PM10 lo-vol FRM samplers. Sampler 
operation is controlled by a microprocessor. Downstream of the PM1 0 inlet is a Well lmpactor 
Ninety Six (WII\IIS) impactor, a filter medium, a timer, and a flow controller. 

The WINS is a particle separator, where suspended PM25 is separated from the PMIO. The 
WINS impactor is a single jet impactor, which’ impacts into a “well” holding a 37 mm glass 
fiber SuiStrate impriigritited with 1 rriL of tetramethyftatraphenyltrisil’oxarie (silicone oil) single- 
compound diffusion oil. The WINS impactor inertially separates fine particles of an 
aerodynamic diameter of 2.5 pm or less from PMIO. Larger particles are captured in the oil- 
impregnated substrate in the wells of the impactor, and the PM2.5 and smaller particles are 
collected on a 47-mm filter. 

The filter is made of PTFE, and has a particle collection efficiency of greater than 99.7 
percent. Prior to its use, the filter is equilibrated for 24 hours at a temperature range of 20 to 
23 C and at a relative humidity in the range of 20 to 40 percent, and preweighed in a 
laboratory. The well filter needs to be cleaned regularly or the resulting deposited material 
can begin to affect the cut point of the inlet. 

The sampler flow rate is 16.67 Ipm (1.000 m3/hr), measured by volumetric flow rate at the 
temperature and pressure of the sample air entering the inlet. 

5.3.1.2.3 Dichotomous Sampler 

The dichotomous sampler (dichot) is another low-volume sampler (draws air at 16.67 Ipm). 
Ninety percent of the air (15.00 Ipm) flows through the fine particulate filter, and the remaining 
10 percent (1.67 Ipm) flows through the coarse particulate filter. 

The dichotomous sampler uses a virtual impactor (region of stagnant air) to segregate the air 
sample into two fractions. The virtual impactor particle separator accelerates the air sample 
through a nozzle and then deflects the air at a right angle. Most particles smaller than 2.5 
micrometers (fine fraction) will follow the higher air flow path and collect on a fine particulate 
filter. Particles between 2.5 and 10 micrometers (coarse fraction) have sufficient inertia to 
impact into the chamber below the nozzle and are collected on a coarse particulate filter. Ten 

L‘ 
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percent of the sample air .flows through the coarse particulate filter and because of this, 
approximately l/l 0 of the fine particulate .are collected on the coarse particulate filter. 

The coarse and fine particulate filters are 37 mm in diameter and are mounted in plastic rings. 
The filters are weighed to calculate mass concentrations and, where appropriate, analyzed to 
determine the concentration of selected chemical elements- 

PM25 measurements made using the,dichot with its virtual separation technique do not meet 
US. EPA requirements for PM25 sampling in terms of the impactor type, filter size, and flow 
rate. The dichot utilizes a PM10 inlet similar to that in a a lo-vol sampler, but the flow rate is 
only 10 percent of the total flow rate, hence introducing a potential source of difference from 
the lo-vol PM10 sampler. Therefore, the use of this method for PM25 produces data that are 
not usable for compliance designation with the NAAQS for PM25 It is a reference sampler, 
however, for PMIO. 

53.2 General Description of Continuous Methods 

Continuous methods produce hourly average PM concentration measurements in real time on 
a daily basis. In contrast to the intermittent sampling frequency of filter-based methods, 
continuous monitoring of atmospheric PM concentration has many advantages over periodic 
sampling; principally, the ability to assess air quality on those days missed by periodic 
samplers and finer time resolution. Arnold et al., (1992) collected daily 24-hour PM10 
samples with an automated’ monitor and noted that 80 percent of the highest ‘IO daily 
concentrations in 1989 and 1990 were not encountered by the commonly used every-sixth- 
day sampling schedule. 

Continuous methods provide data that can be accessed remotely in real time, and fill many 
needs for information that are very impractical, if not impossible, for typical filter-based 
methods. These include timely warnings about episodic air pollution hazards, enhanced 
public health research, air quality indexing, investigating diurnal variation and short term peak 
exposure, model evaluation, complaint investigation, data analyses, and specifying source 
impactc- 

Several brands of continuous measurement technologies are commercially available. These 
include the tapered element oscillating microbalance (TEOM) including the SES, FDMS and 
differential configurations, beta attenuation monitors (BAM), and continuous ambient mass 
monitors (CAMM). 

The CAMM is based on a measure of increasing pressure drop across a membrane filter with 
increasing particle loading on the filter. The analyzer consists of a diffusion dryer to remove 
particle-bound water and a filter tape to collect PM. Babich et al. (2000), using a Fluoropore 
membrane filter, measured PM using the CAMM in seven U.S. cities- Results of comparison 
to the Harvard lmpactor (HI) yielded a good correlation (r = 0.95) and the average of CAMM- 
to-HI of 1.07. When the same sampler was tested by the ARB in 1998/l 999 at the 
Bakersfield monitoring station during the winter months, it yielded a slope of 0.74 and 
correlation of 0.98 (Chung et al. (2001). Although well correlated, the sampler showed a bias 
of 25% compared to the FRM. 

The BAM and the TEOM are the two most commonly used, commercially available, 
continuous PM analyzers in California. Both have been used to measure ambient PM10 and 
PM2.5 mass concentrations. These two technologies are designated FEMs for PMIO. 
Because of their widespread use, a discussion of each is provided below. 
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5.3.2.1 Beta Attenuation Monitor 

Several researchers (Jaklevic et al., 1981 and Kim et al., 1999) have used the measurement 
principle of absorption of beta radiation by PM on a filter as an indicator of particulate matter 
mass to provide real-time measurement of atmospheric PM. A Beta Attenuation Monitor 
@AM) uses a lo-vol size selective inlet, a filter tape, a beta attenuation source and detector, a 
lo-v01 flow controller, and a timer. The sampler contains a source of beta radiation (14C or 
85Kr) and a detector to measure the beta absorption of PM accumulated on a filter. The filter 
material is a roll or cassette, which advances automatically on a time sequence. When 
particles are placed between the beta source and the detector, the beta rays are attenuated 
or absorbed’ by particles in their path. The difference in attenuation before and after the 
segment of the tape used to collect PM is attributed to the PM deposited on the’filter. The 
reduction in beta ray intensity passing through the collected PM is assumed to be a function 
of the-mass of material between the source and the detector. The degree of beta radiation 
attenuation is converted to PM concentration. 

5.3.2.1.1 PM25 Results 

Instrument inter-comparison studies of BAM PM25 units (a Met One model 1020) were 
conducted at Bakersfield (1998 - 1999) (Chung et al., 2001) and Fresno (1999 - 2000) 
(Appendix 5 part G). The results at Fresno were good (regression coefficient [Rq of 0.97, 
slope of .I .07, intercept of 7.06). At Bakersfield (1998-I 999), the PM25 BAM study compared 
one BAM equipped with a standard PM25 WINS inlet and one with sharp cut cyclone with the 
PM25 FRM. The comparison showed very good agreement (R* = 0.99 each, slopes of 0.91 
and 0.97, and intercepts of 0.8 and 3.25, respectively). A minimum of 20 data pairs were 
gathered at each location (Chung et al., 2001). These studies were surveyed and considered 
in designing-- the ~290’1LZOO2 California Approved. Sampler Study in Ba+cersfieM; CA: The 
sampler comparison study is summarized in Appendix 5 part l-l. It included collocated 
Therm0 Andersen BAMs (model FH 64 C14, here-after named And-BAM) and Met Cne BAMs 
(model 1020, here-after named Met-BAM) were configured to measure PM10 and PM2.5, and 
.:/ere operated in parallel with PM10 (SSI and Pattisol) and PM25 (RAAS) FRMs. Using the 
results of the collocated samplers, precision was determined. The accuracy was evaluated 
using the lo-vol FRM as the reference. Two of each of the continuous PM25 samplers were 
fitted with sharp-cut cyclones to isolate the PM25 fraction from PMIO. 

The accuracy of the PM25 sampler data was determined by comparing 24-hr average data 
with the RAAS FRM (Table 4, Appendix 5 part H). There was excellent agreement between 
the continuous methods and the FRM. Regression analysis of the And-BAM and Met-BAM 
against the RAAS produced slopes of 1.03 and 1.03, respectively, correlations of 0.98 and 1 .O 
respectively, and intercepts of -1.32 and -1.58 respectively. A minimum of 102 data pairs was 
used in the analysis. 

5.3.2.1.2 PM1 0 Results 

Data comparing the SSI to the Met One BAM PM10 in Bakersfield in 1998-99 yielded limited 
but encouraging results (R* = 0.99 with slope of 1.01 and intercept of 1.90 pg/m3 for eight 
data pairs (Chung et al., 2001). A study in Fresno in 2000, however, showed a weaker 
relationship (R* = 0.76 with slope of 1 .I 1 and intercept of 23.24 pg/m3 for 10 data pairs). 

California Approved Sampler Studv: In the ARB’s 2001/2002 sampler comparison study in 
Bakersfield, (Appendix 5 part H) the And-BAM and Met-BAM PMlO’s compared favorably to 
the Pat-tiso! PM-l 0 yielding slopes of 1.04 and ‘I .33 respectively, correlation values of 0.99 and 
1 .O respectively, and intercepts of -2.50 and -1.65 respectively. Thirty data pairs or more 
were used for comparison. 
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The results of comparison of continuous samplers with each other and with PM25 and PM10 
FRMs were compared with U.S. EPA PMIO. class II t&t ‘specifications (slope 1 ? 0.1, 
intercept ? 5 pg/m3, correlation 2 0.97, and precision of 7%, Table 5, Appendix 5 par& H). The 
rationale for selecting this test is provided in Appendix 5 part H. 

Accuracy and precision values of these continuous samplers for both size cuts meet or 
exceed the proposed test specifications. Consequently, staff recommend that both the 
Therm0 Andersen BAM (FH 64 Cl4 model), and the Met One BAM (1020 model) be 
approved for use to determine compliance with the State AAQS for PM2.5 and PM1 0. 

5.3.2.1.3 Tapered Element Oscillating Microbalance 

The Tapered Element Oscillating Microbalance (TEOM) is a low-volume sampler (16.67 Ipm) 
that uses a mass sensor to measure airborne particle mass in real time. A TEOM consists of 
a size-selective inlet, flow splitter, sample filter, microbalance, flow controller timer, and 
software that makes the operation of the instrument fully automatic. In practice, the TEOM 
collects PM on a filter located on the top of a hollow, oscillating tapered tube. A small portion 
of the incoming air flow is drawn through the filter and through the tube. The oscillation 
frequency of the tapered inlet tube is inversely proportional to the mass of the sample that is 
deposited on the collection filter. The frequency decreases as mass accumulates on the filter, 
providing a direct measure of inertial mass. The typical measurement is collected over a 
period of ten minutes. The sample chamber is maintained’above ambient temperatures (30- 
50C) to minimize the effect of temperature changes and thermal expansion of the tapered 
element that may affect the oscillation frequency, and to reduce particle-bound water 
(Patashnick et al., 1991). 

Several studies (Allen et al. 1997, Chung et al. 2001, Cook et al. 1995) have shown that the 
concentration of PM10 or PM25 mass using the TEOM are often lower than PM 
measurements produced by other methods. Analysis of the constituents typically found in 
such cases indicates that this is caused by loss in the heated sample chamber of semi- 
volatile PM, such as ammonium nitrate and/or organic compounds. While most of the volatile 
components are found in the fine PM fraction (PM2.5), discrepancies between PM10 TEOM 
and reference samplers have also been observed. 

Cook et al. (1995) studied the performance of the PM2.5 TEOM with a candidate FRM PM2.5 
sampler at the Bakersfield monitoring station. The TEOM was operated at two temperatures, 
30C and 5OC, to determine the effect of temperature on measurement of PM mass. At both 
temperatures, the TEOM measured lower PM2.5 mass than the dichot or a single-stage lo-vol 
gravimetric sampler. PM concentrations from the TEOM at 5OC were much lower (negative 
bias) compared to those at 3OC, confirming the effect of temperature at that location on semi- 
volatile organics and nitrates from the filter. 

In another study in Bakersfield, a PM10 SSI (an FRM) and TEOM sampler operated in 
parallel from November 1998 to February 1999 (Appendix 5 part G). This is a period when 
PM concentrations, and in particular volatile components, are high. The samplers correlated 
well, but again, the TEOM showed a significant negative bias (R’ = 0.95 with slope of 0.37). 
At the Fresno Supersite, for the 1999 - 2000 sampling period, similar samplers correlated as 
well, and less bias relative to the FRM was seen (R2 = 0.95 and slope of 0.83). 

When PM2.5 was evaluated at the Fresno Supersite, the TEOM showed poor correlation and 
a very large negative bias with respect to the PM2.5 (R* = 0.31 with a slope of 0.42). At both 
sites, the TEOM underestimated PM mass concentration where semi-volatile components of 
PM are a significant component in both PM fractions. 
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Pn general, EPA-approved TEONls have not performed well in the two areas-of the State with 
the most persistent PM problem, the San Joaquin Valley Air ‘Basin and the South Coast Air 
Basin. The TEOM’s disadvantage is that the temperature necessary for the proper operation 
of the microbalance volatilizes a substantial component of the PM as part of the measurement 
process. This is more pronounced for measurement of fine PM fraction where volatile 
components make up a large part of the PM. The instrument manufacturer acknowledges 
this situation, and has developed several enhancements in recent years that address this 
problem. 

A Sampler Equilibration System (SES) conditions the incoming sample air to lower humidity 
and temperature, to reduce losses of volatile species for the TEOM (Meyer et al., 2000). The 
SES utilizes a Nafion dryer which fits between the flow splitter that follows the size-selective 
inlet and the sensor unit. This unit was evaluated by the U.S. EPA as part of the 
Environmental Technology Verification program. The results were encouraging; however, the 
negative bias still existed. 

Patashnick et al. (2001) subsequently developed a differential TEOM, which is a matched pair 
of TEQM sensors that operate at ambient temperature. The Intent of the design is to 
measure continuous PM mass including volatile components. Downstream flow from a 
common size selective inlet is passed through a dryer. At the dryer exit, the flow is split with 
each branch passing through an electrostatic precipitator (ESP), each of which alternately 
turns off and on, out of phase with the other. ‘The flow through each ESP is directed to a 
separate microbalance. The difference in the effective mass measured by the two 
microbalances is the sum of PM masses due to non-volatile and volatile component, from 
which filter artifacts and effective mass due to instrument sensitivity due to temperature 
changes is subtracted. Mowever, this instrument is very expensive and is not applicable for 
routine field use. 

tn 2001, Rupprecht & Patashnick developed the commercial version of the differential system, 
the filter dynamics measurement system (FDMS). The FDMS uses the TEOM-SES system, a 
dryer, a switch, a purge filter conditioning unit, and a microbalance configured in a way to 
measure both volatile and non-volatile PM mass. 

The sampling process consists of alternate sampling and purge cycles of 5-mintes each. 
During the first five minutes a PM is collected on the microbalance filter and mass is 
determined. The next five minutes, the collected PM is purged by air from the purge filter 
control unit from which PM is removed. Any decrease in filter mass observed during the 
purging cycle is attributed to the loss of volatile PM. The mass lost is added back to the mass 
measured during the first cycle (before purging) thus compensating for any loss during 
sampling. The reported mass concentration approximates the sum of nonvolatile and volatile 
PM. 

California Approved Sampler Studv: in the latest Bakersfield sampler study (ARB, 2001 - 
2002) (Appendix 5 part l-t), comparison of the Partisol PM10 and the FDMS produced a slope 
(I .05), correlation (0.97), and an intercept (1.08) that agree with the proposed test 
specifications (Table 5, Appendix 5 part H). Thirty data pairs were used in the comparison. 

Comparison of PM2.5 FDMS with the RAAS PM2.5 produced a slope (1.03) correlation 
(0.99), and an intercept (2.92) that are within the acceptable ranges described in the test 
specifications. At least 100 data pairs were used for the comparison. 

Because of its performance, the staff recommends that the FDMS be approved for use to 
determine compliance with the State AAQS for PM10 and PM2.5. 

5-l 1 
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5.4 Recommendations 

The staff recommends the following monitoring methods: 

l PM10 Monitorinq Method - Adopt the Federal Reference Method (FRM) for PM10 as the 
method for California. 

l PM25 Monitorinq Method - Adopt the Federal Reference Method (FRM) for PM25 as the 
method for California. 

l Continuous PM Samplers - Adopt those continuous PM samplers which have been found 
to be suitable for determining compliance with the state PM10 and PM2.5 AAQS, and 
designate them as California approved samplers (CAS). 

l Sulfates Monitorinq Method - Revise the sulfate monitoring method by deleting the 
current total suspended particle (TSP) sulfate method, ARB method MLD 033, and 
replacing it with the existing ARB method for PM10 sulfates, MLD 007. 

A summary of measurement methods recommended by staff is provided below. 

(a) Measurement of PM1 0 shall be accomplished by one of the two following techniques: 

(1) A sampler that meets the requirements of the U.S. EPA Federal Reference 
Method(FRM) sampler for PMIO, as specified in 40 CFR Part 50, Appendix M 
(I 997) and which employs an inertial impactor; or, 

(2) A sampler that has been demonstrated to the satisfaction of the Air Resources 
Board to produce measurements equivalent to the FRM. 

At the time of Board consideration of this regulation, the following samplers are 
deemed to satisfy section (2) above, and staff is recommending their adoption by 
the Board: A continuous PM10 sampler as specified in Appendix 5 part H, Therm0 
Andersen BAM (model FH 62 C14), Met One BAM (model lO20), and Rupprecht & 
Patashnick FDMS (series 8590). 

(b) Measurement of PM25 shall be accomplished by one of the following two techniques: 

(I) A sampler which meets the requirements of the U.S. EPA Federal Reference 
Method (FRM) sampler for PM2.5, as specified in the 40 CFR Part 50, Appendix L 
(1997); with either a WINS impactor or a U.S. EPA approved very sharp cut 
cyclone (Federal Register, 2002) to isolate PM2.5 from PMIO, or 

(2) A sampler which has been demonstrated to the satisfaction of the Air Resources 
Board to produce measurements equivalent to the FRM. 

At the time this regulation is considered by the Board, the following samplers are 
deemed to satisfy section (2) above, and staff is recommending their adoption by 
the Board: A continuous PM2.5 sampler as specified in Appendix 5 part H, with 
either a very sharp cut cyclone or a sharp cut cyclone: Therm0 Andersen BAM 
(model FH 62 C14), Met One BAM (model 1020) and the Rupprecht & Patashnick 
FDMS (series 8500). 

The rationaie for these recommendations is given below 

5.4.1 PM10 

The Board needs to update the State PM10 method to reflect advancements and 
improvements in sampler technology. The FRM for PM10 is quite similar to Method P and 
includes requirements that are more up-to-date. The FRM sampler operation requirements 



are currently used in the State and local air monitorjng network. Incorporating the FRM into 
the AAQS will simply change legal requirements to reflect practice. 

State methods have not been updated since the mid-1980’s and need to recognize advances 
in both hi-voI and lo-vol measurement technology. Expanding the State method for PM 
monitoring to include all federal high-volume and low-volume samplers will allow the FRM 
samplers that perform well, but had not been approved for use in California, to be used for 
both State and federal regulatory activities. This will eliminate confusion of having two 
methods (State and federal) for the same parameter. 

Allowing the use of the lo-vol PM1 0 method for the State PM1 0 standard offers the advantage 
of having one PM1 0 sampler produce data for both the State PMlC standard and as a 
possible element for a the potential federal PM coarse standard. 

5.4.2 PM2.5 

There are more than 80 PM25 FRM samplers currently in operation in California. Approval of 
the staff’s proposal by the Board will incorporate these samplers into the State network and 
enhance their useeulness in the State. Adopting a continuous sampler technology that 
corresponds to a high degree with the FRM for PM25 has many programmatic and public 
health benefits to the State. 

Staff proposes to maintain the provision in regulation for it to evaluate new measurement 
technologies and approve them pending a determination they are consistent with the 
applicable FRM. 

5.4.3 Sulfates 

The current sulfates standard uses MLD Method 033 for the sampling and analysis of sulfate 
by TSP. The ARE3 also has MLD Method 007 (latest version dated April 22, 2002) for 
measuring sulfates on PM10 filters, which uses PM10 sampling with sulfates analysis by ion 
chromatography. Staff recommends replacing the existing MLD Method 033 with MLD 
Method 007 as the proposed measurement method. This will provide the capability of using 
the PM10 sampling network for measuring sulfates, as well as allow for the minimization of 
any artifact-forming potential through the use of alkalinity-controlled filters. 

5.5 Estimated Costs and Impacts 
A substantial PM25 monitoring network, largely funded by the U.S. EPA, is now in place in 
California, and the U.S. EPA is in the process of implementing the last stages of the network 
build-up. A state-funded portion of the PM25 network also exists, primarily as continuous 
samplers. It was funded by the legislature in the late 1990’s in response to Health 8 Safety 
Code section 39619.5, that requires the Board to conduct “monitoring of airborne fine 
particles smaller than 2.5 microns in diameter (PM 2.5)” The methods, samplers, and 
instruments proposed by staff include those used in, and so take full advantage of, these 
existing networks. Little extra expense is anticipated. However, approval of continuous 
samplers may result in requests for additional samplers, given their economies of operation” 

The Board has had in place an extensive PM10 network for years. This proposal reaffirms 
the past samplers and incorporates the more recent federal samplers into the list of approved 
samplers for the State AAQS. The State’s PM10 sampling method (Method P) has been the 
State ambient air monitoring method since 1985. The sampler of choice at that time was the 
hi-vol SSI. Implementing the proposed changes in Method P to explicitly acknowledge all 
FRM samplers would not incur any cost to either government entities or private businesses, 
because it would allow the operators of the PM samplers the option of retaining the current 



82 

sampling method. In fact, it would expand the number of acceptable samplers now in use to 
include heretofore unrecognized methods. 

The recommended changes to Method P may result in cost saving to the extent that 
continuous PM1 0 monitoring methods are used in place of conventional filter-based methods- 
Continuous methods are less labor intensive than Method P and generate substantially more 
data. The staff cannot quantify any cost saving since it is unknown to what extent local 
agencies would choose to use to continuous samplers, instead of the conventional filter- 
based samplers used now. 

Appendix 5 part I lists PM10 and PM25 monitoring sites and includes the various types of 
samplers that were being used at these sites in June ZOOI_ 
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63 Area Designations 
California has two ambient air quality standards for inhatable particulate matter (PMIO), one 
with a 24-hour averaging time and a level of 50 pg/m3, and an annual standard with a level of 
30 pg/m3. Health & Safety Code (H&SC) section 39607(e) requires the Air Resources Board 
(ARB) to establish and periodically review criteria for designating areas as nonattainment, 
attainment or unclassifiable. The last review was completed in November 2000 (ARB 2000). 

The Board designates areas based on recent ambient air quality data. The data must satisfy 
specific siting and quality assurance procedures established by the U. S. Environmental 
Protection Agency (U.S. EPA) and adopted by the ARB. An area is designated nonattainment if 
ambient PM10 concentrations in that area violate either of the State standards at least once 
during the previous three calendar years. 

The Board designates an area as attainment if air quality data show PM10 concentrations have 
not violated the standards during the three previous years. Regions without adequate PM10 
monitoring data are designated unclassified. 

Since highly irregular or infrequent events can lead to ambient PM10 concentrations over the 
24-hour State standard level, such exceedances are not considered violations. The area 
designation criteria define three types of highly irregular or infrequent events: extreme 
concentration, exceptional concentration, and unusual concentration. 

An extreme concentration event is identified through a statistical procedure that calculates the 
PM10 concentration that is expected- to QCGW no more ,than-,once per year. This calculated 
PM10 concentration is the Expected Peak Day Concentration (EPDC). The EPDC is calculated 
for each monitoring site using PM10 concentration data collected during a three-year period. 
Unusual meteorology can cause an extreme concentration event. PM10 concentrations 
measuring higher than the EPDC are identified as extreme concentrations and are not 
considered violations of the standard. Included in these criteria is a once per year expected rate 
of exceedances (on average). 

An exceptional concentration event is an identifiable event that causes an exceedance of the 
State standard, but that is beyond reasonable regulatory control. Examples include wildfires, 
severe windstorms, and seismic activity. 

An unusual concentration event is an anomalous exceedance of the State standard that cannot 
be identified as an extreme concentration or an exceptional event. Unusual concentration 
events apply only to areas designated attainment or unclassified. 

As specified in the California Code of Regulations, title 17, section 70302, the geographical 
extent of an area designated for PM10 usually is an entire air basin. However, the Board may 
designate smaller areas, based on a review of topography and meteorology, population density, 
location of emission sources, and existing political boundary lines. 

As shown in Figure 6.1, virtually all of California violates the current State PM10 air quality 
standards. Only hake County is designated attainment for the State standards. In the Mountain 
Counties Air Basin, Amador County and portions of Mariposa and Tuolumne Counties are 
unclassified. The Yosemite National Park, located in Tuolumne and Mariposa Counties is 
designated nonattainment. 

6-1 
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Figure 6-l_ Area Designations for the .State PM10 Ambient Air Quahty Standards 
(Reference: Air Resources Board. -Proposed area designzitions and maps. 
Staff report: Initial statement of reasons for proposed rulemaking, 
Sacramento, 2000). 
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4ir districts with areas designated nonattainment for the State PMlO standards are not required 
by State law to de&lop plans for attaining.the. State PM10 standards.. However,. H&SC sections 
40001 and 40913 require such districts to adopt and enforce rules and regulations to 
expeditiously attain the PM1 0 standards. 

6.2 Monitoring Network 
California has a PM10 monitoring network with over 130 monitors statewide (Figure 6.2). At 
each monitoring site, High Volume Size Selective Inlet samplers collect 24-hour average PM10 
samples, usually once every six days. The network is described in further detail in the State and 
Local Air Monitoring Network Plan (AR5 2QQOa). 

To assess the nature and extent of PM25 pollution in the State, AR6 and local air districts 
began deploying PM2.5 samplers in 3998. Currently we have placed federally-approved PM2.5 
mass monitoring equipment (Federal Reference Method, FRM monitors) at 81 sites across 
California (Figure 6.3). FRM monitors collect 24-hour average PM25 samples, usually once 
every three days. More information about the PM25 network is contained in ARB’s 2000 
California Particulate Matter Monitoring Network Description (ARB 2000b). 

California’s dichotomous (dichot) sampler network has been in operation since 1983. Until 
recently the network comprised 20 sites collecting 24-hour samples every sixth day (Figure 6.4). 
The dichot sampler, or virtual impactor, uses a low-volume PM10 inlet followed by a virtual 
impactor which splits the air stream in two, separating particles into two fractions: fine particles 
(PM2.5) and coarse particles (PM2.5-10). The sum of the fine and coarse fractions provides a 
measure of total PMIO. With the implementation of the federally required PM25 network, a 
number of dichot monitoring sites were closed by early 2000. With the exception of the dichot 
site in Fresno, the complete phase out of the.dichot network occurred in December 2000. 
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Figure 6.2. PM10 Mass Monitoring. Sites 
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Figure 6.4.. Dichotomous Sampler Sites 

6.3 Characterization of Ambient Air Quality 
6.3.1 Overview 

This section describes the characteristics of PM10 and PM2.5 by each air basin in California, 
including: ambient concentrations; seasonal variations; identification of sources leading to the 
observed ambient particle concentrations; and the frequency distribution of the observed 
concentrations. To assess the spatial and temporal characteristics of PM10 and PM25 
concentrations, we analyzed the following ambient air quality data: 

l PM10 observations from Size Selective Inlet (SSI) monitors (from 1998 to 2000) (ARB 1998, 
ARB 2000a); 

l PM2.5 information from the newly deployed Federal Reference Method (FRM) monitors, 
available only for two years (1999 and 2000) (ARB 2000b); and 

l PM1 O-2.5 and PM2.5 data from dichotomous (dichot) samplers (from 1988 to 1999) 
(ARB 1998). 
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The data were extracted from the *U.S. Environmentai Protection Agency (U.S. EPA) Aerometric 
Information Retrieval System (AIRS) on November 15, 2001 (on May 18, 200.1 for frequency 
distribution analysis). 

For assessing the chemical composition of ambient PM10 and PM2.5, we reviewed information 
available from: 

e The State’s PM10 and PM2.5 monitoring networks; 

B Two-Week Samplers (TWS) used in the California Children’s Health Study (Taylor et al. 
1998); 

9 The Interagency Monitoring of Protected Visual Environments (IMPROVE) program; and 

* From special studies conducted in Imperial Valley, Sacramento, San Francisco Bay Area, 
San Joaquin Valley (1995 Integrated Monitoring Study, lMS95), Santa Barbara County, and 
South Coast Air Basin (1995 PM1 0 Enhancement Program, PTEP95). 

6.3.1 .I PM1 0 and PM25 Ambient Concentrations 

Table 6.1 lists maximum 24-hour and annual average PM10 concentrations in micrograms per 
cubic meter (pg/m3) recorded in each air basin from 1998 through 2000 and PM25 
concentrations from 1999 and 2000 - since federally approved PM25 monitors have been in 
operation in California. The revised State- PM10 and the new State PM2.5 standards are 
proposed to be based on an annual arithmetic mean. The average of quarters is the preferred 
method for determining the arithmetic mean. For PM10 Table 6.1 includes two annual average 
statistics. The first is the annual geometric mean for the site with the highest value within the air 
basin. The annual geometric mean is used for the current State standard. The second statistic is 
the annual .average of quarters with the highest annual average of quarters withinthe air basin, 
which is also the site with the highest annual geometric mean. We applied the data 
completeness criteria specified for the current State annual PM10 standard for estimating both 
annual means. For PM2.5 the table lists the annual average of quarters for the site with the 
highest value. This is also the annual averaging used for the current federal standard. In 
addition, Table 6.1 shows the number of days with measured PM10 concentrations over the 
current PM10 State standard and the number of days with concentrations over the proposed 
State PM10 standard. For PM2.5 the table lists the number of days with measured 
concentrations over the federal PM2.5 standard and the number of days with concentrations 
over the proposed State PM2.5 standard. No conclusions on attainment for the federal PM25 
standards should be drawn from these data, since attainment designations will be based on 
three years of air quality data. No conclusions on attainment for the revised State PM10 and 
new PM2.5 standards should be drawn from these data either, since attainment designations 
are part of a separate regulatory process. Detailed data by monitoring station for each air basin 
are presented in Appendices 6-A and 6-B. We used SSI data for PM10 and FRM data for PM25 
to generate these tables. Monitoring data are presently being evaluated for occurrences of 
exceptional events, consequently the data listed in Table 6.1 and Appendices 6-A and 6-B 
include data that in the future may be removed from AIRS. 
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Notes for Table 6.1. 

(1) 

(2) 

(3) 

(4) 

(5) 

(6) 

(7) 

63) 

Monitoring data are presently being evaluated for occurrences of exceptional events, 
consequently the table includes data that in the future may be identified as recorded 
during an exceptional event and be removed from consideration. 

No conclusions on attainment for the revised State PM10 and new PM25 standards 
should be drawn from these data, since attainment designations are part of a separate 
regulatory process. 

No conclusions on attainment for the federal PM2.5 standard should be drawn from 
these data, since attainment designations will be based on three years of data. 

The same number of ambient PM10 observations is used for estimating each annual 
average for PMIO; the only difference among the annual averages is the averaging 
method used. 

For PM10 the table lists the monitoring site with the highest estimated annual geometric 
mean in the corresponding air basin. The same site also has the highest estimated 
annual arithmetic average of quarters- 

For PM25 the table lists the monitoring site with the highest estimated annual average 
of quarters in the corresponding air basin. 

The annual average of quarters for each monitor is estimated by first averaging the 
ambient 24-hour PM measurements to obtain quarterly means and then averaging the 
estimated quarterly means (as generally described in Appendix N to 40 CFR Part 50: 
National Ambient Air Quality Standards for Particulate Matter; Final Rule. July 18, 1997). 

Salton Sea PM10 statistics exclude data from the Calexico-East Site, because data from 
this site do not represent widespread exposure. 
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As shown in Table 6.1, with the exception of Lake County, ail air basins exceed the State 24- 
hour PM10 standard of 56 pg/m3. The Great Basin Valleys Air Basin recorded the three highest 
24-hour PM10 levels in the State, 3059 pg/m3 in 2000, 1116 pg/m3 in 1998, and 514 pg/m3 in 
1999. Four air basins exceeded the current annual PM10 State standard of 30 pg/m3: Salton 
Sea, San Diego, San Joaquin Valley, and South Coast. The Salton Sea Air Basin had the 
highest PM1 0 annual geometric means - 73 pg/m3 in 2000 and 66 pg/m3 in 1999 - followed by 
the South Coast Air Basin - 65 pg/m3 in 1999. In air basins exceeding both current State PM10 
standards, the ratios of maximum 24-hour and annual concentrations compared to the 
respective standards suggest that the 24-hour State standard is controlling (Table 6.2). As 
shown in Table 6. I, with the exception of Lake County, all air basins exceeded the proposed 
annual PM10 State standard of 20 pg/m3. Currently, eight air basins (Great Basin Valleys, 
Mountain Counties, Sacramento Valley, Salton Sea, San Diego County, San Francisco Bay 
Area, San Joaquin Valley, and South Coast) recorded 24-hour concentrations over the federal 
PM2.5 standard. Values over the 24-hour standard in Mountain Counties in 1999 may have 
been caused by extensive wildfires. With the exception of Great Basin Valleys, 
Mountain Counties and San Francisco Bay Area, the other five air basins also recorded 
maximum annual averages above the federal annual PM25 standard. In comparison, all air 
basins - with the exception of Lake County and Lake Tahoe - recorded 24-hour concentrations 
over the proposed State PM2.5 standard of 25 pg/m3 and seven air basins (Sacramento Valley, 
Salton Sea, San Diego County, San Francisco Bay Area, San Joaquin Valley, South Central 
Coast and South Coast) also had maximum annual averages above the proposed State annual 
PM25 standard. 

Table 6.2. Ratios of yearly ‘niaximu’m 24-hour’. PM10 and annual average 
concentrations compared to the resp&tive State standards. 

Air Basin Year Max. 24-hour/Std. Max. Annual Avg(‘)/Std. 

(Std. = 50 pg/m3) (Std. = 30 pg/m3) 

Salton Sea 
1 , 1 

1998 3.5 1.8 

1999 4.5 2.1 

2000 5.4 3.1 

San Diego 1998 1.8 1.3 

1999 2.4 1.6 

2000 2.8 1.1 

San Joaquin Valley 1998 3.2 1.1 

1999 3.7 1.7 

2000 2.9 1.5 

South Coast 1998 2.3 1.6 

1999 3.7 2.2 

2000 2.8 1.8 

(1) For the air quality monitoring site with the highest estimated annual geometric mean for PM10 in the 
corresponding air basin. 
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Background sites are intended to quantify regionally representative PM concentrations-for sites 
located away from populated areas and other significant emission sources. Background 
concentrations are defined as concentrations that would be observed in the absence of 
anthropogenic emissions of PM and the aerosol particles formed from anthropogenic precursor 
emissions of VOC, NOx and SOx. However, it is very difficult to find true background sites. 
Depending on the season and meteorological conditions, even the monitoring sites located in 
pristine areas can be influenced by anthropogenic emissions and transport. This in turn may 
lead to higher annual average PM concentrations- Annual average PM concentrations from the 
IMPROVE ‘network are presented in Table 6.3 (aggregated over a three year period, 
March 1996 to February 1999) (Malm et al. 2000). 

Table 6.3. Annual Average PM10 and PM2.5 Concentrations at IMPROVE Sites 

-Site Annual Average PM10 Annual Average 
04/m”) PM2.5 (ug/m3) 

Lassen Volcanic National Park 5.06 2.68 

Pinnacles National Monument 10.97 4.55 

Point Reyes National Seashore 12.42 4.01 

Redwood National Park 7.45 2.44 

San Gorgonio Wilderness Area 13.72 7.20 

Sequoia National Park 18.64 8.86 

Yosemite 8.52 4.33 

As part of California’s PM25 program, three locations have been selected to measure 
background PM2.5 concentrations: Point Reyes National Seashore in Northern California, and 
San Rafael Wilderness and San Nicholas Island in Southern California. These sites are located 
away from populated areas and other significant sources of particulate and particulate precursor 
emissions. The sites have been in operation since December 2000. Data from these sites are 
not yet available. However, data obtained from the IMPROVE program for Point Reyes from 
March 1996 through February 1999 indicate that the annual average concentrations were 
4.01 pg/m3 for PM25 and 12.42 pg/m3 for PMIO. PM10 and PM25 data collected at San 
Nicolas Island as part of PTEP95 program show a PM10 annual average of 18.7 pg/m3 and a 
PM2.5 annual average of 6.82 pg/m3 (Kim et al. 2000). In addition, as part of 
California Regional PMlO/PM2.5 Study (CRPAQS), we will be evaluating data from several 
sites, including one site in a desert locality and one site in a forested area for determining 
regional background PM concentrations. 

6.3.1.2 Historical Trends 

We determined PM concentration trends using dichot PM2.5, PMIO-2.5, and PM10 data 
collected from 1988 through 1999 at selected urban sites. The dichot sampler uses a 
low-volume PM10 inlet followed by a virtual impactor, which splits ambient air samples into fine 
(PM2.5) and coarse (PMIO-2.5) particle fractions. The sum of these two fractions provides a 
measure of total PMIO. We estimated annual arithmetic mean concentrations, by averaging 
quarterly (January through March, April through June, July through September, and October 
through December) arithmetic means. Data illustrated in Figure 6.5 indicate that, overall, the 
annual means of PM2.5 decreased until 1998, increasing in 1999 at most sites. Monthly rainfall 
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data obtained from National Weather Service stations indi.cate 1999 was a much drier year than 
1997 and 1998, contributing to higher particulate matter concentrations in 1999. As shown in 
Figures 6.6 and 6.7, the coarse PM’iO-2.5 and the PM10 annual means exhibited similar trends, 
with a slightly less pronounced decrease in coarse fraction concentrations in the 1994 to 1999 
period. 

Dichot PM-Coarse Mass Trends 

Figure 6.6. Annual trends in 
Coarse PM concentrations 

Dichot PM-10 Mass Trends 
70. 

A 

-- Sacramento 
-- F,.s”O 
I AZUSP 

- -c - El Centro 

+San Jose + Bakersfield 
-- stOCkton -.*.-vlsalla 

2. North bcng Beach - Calexlco 

Figure 6.7. Annual trends in PM’IO concentrations 

6X1.3 Seasonality 

Plots showing seasonal variation in ambient particulate matter concentrations were generated 
using FRM data for PM2.5 and SSI data for PM10. These seasonality plots are included in the 
subsections of this chapter describing particulate matter air quality in each air basin. The data 
represent the peak 24-hour PM concentration per month for each size fraction. In some cases 
PM25 is higher than PMIO. This can occur for two reasons. First, the measurements are made 
on two different sampling systems and therefore have different levels of accuracy, precision, 
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and uncertainty. Second, in some cases peak PM10 and PM25 concentrations do not occur on 
the same day. The plots were generated tq’provide an understanding of the seasonality of peak 
concentrations, not to compare specific PM1 O/PM2.5 concentrations to each other. 

In general, there are a number of air basins which exhibit strong seasonal patterns. Areas such 
as Sacramento, the San Joaquin Valley, and the San Francisco Bay Area record much higher 
PM25 and PM10 concentrations in the winter months (Figure 6.8). During this time of year, the 
PM2.5 size fraction drives the particulate matter concentrations. 

San Joaquin Valley - Fresno 1999 South Coast - Riverside 1999 

0-I I I / / I , ; 1 2 3 4 5 6 7 8 9 10 1112 II 1 2 3 4 5 6 7 8 9 IO li 12 

Month Month 

-.- PM25 -R- PM10 

Figure 6.8. Monthly variation in Figure 6.9. Monthly variation in 
maximum 24-hour PM10 and PM2.5 maximum 24-hour PM10 and PM2.5 
concentrations concentrations 

Other areas such as the South Coast 
have a much more uniform distribution 
(Figure 6.9). In the South Coast, PM10 
and PM25 concentrations remain high 
throughout the year. 

In yet other areas there are specific 
episodic exceedances due to fugitive dust 
events (Great Basin Valleys, Salton Sea), 
or fires (Mountain Counties). 

We used data collected with dichot 
samplers from 1998 to 2000 to estimate 
the ratios of PM2.5 to PM10 
concentrations (e.g., Table 6.4). Figure 
6.10 shows that in general, the average 
PM2.5 portion of PM10 was higher during 
the winter (November to February) than 

2000 Dichot PM2.5 to PM10 Ratio 

+ Bakersfield 

--A-stocktm 

--x- -. Modesto 

- saaamnto 

Figure 6.10. Monthly variation in the PM2.5 to 
PM10 ratio 

during the rest of the year (March to 
October). These seasonal differences 
were most pronounced in the San Joaquin Valley (75% in the winter and 38% during the rest of 
the year) and least prominent in the Mojave Desert (46% in winter and 39% during the rest of 
the year). No seasonal differences were apparent in the Great Basin Valleys Air Basin (see data 
for the Coso Junction monitoring site in Table 6.4) 
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Table 6:4. Ratios of monthly average PM2.5 to PMlQ mass with a-reported minimum 
and maxiinum at each location, 1999. Ratios were estimated using dichot 
data. 

1999 Por-tola Sacramento San Jose Modesto Fresno Bakersfield Coso Victorvillie Long Calexico 
I Jet Beach 
I I I I 1 I I I 

Jan 10.71 10.78 10.65 10.73 IO.82 IO.71 lo.27 lo.49 10.62 10.41 

Feb 0.59 0.60 0.51 0.68 0.68 0.58 0.43 0.48 0.54 0.41 

Mar 0.54 0.61 0.39 0.51 0.53 0.44 0.30 0.38 0.45 0.31 

Apr 0.49 0.49 0.42 0.40 0.47 0.39 0.36 0.56 0.45 -- 

May 0.32 0.39 0.34 0.31 0.33 0.28 0.38 0.36 0.39 -- 

Jun 0.30 0.38 0.39 0.32 0.35 0.27 0.34 0.37 0.47 0.30 

Jul 0.28 0.44 0.52 0.34 0.35 0.26 0.39 0.39 IO.45 0.24 

Aug 0.43 0.48 0.52 0.38 0.31 0.28 0.30 0.34 0.46 0.24 

Sep 0.32 0.41 0.52 0.37 0.28 0.31 0.38 0.34 0.45 0.21 

Qct 0.40 63.42 0.51 0.34 0.38 0.34 0.30 0.34 0.49 0.26 

Nov 0.74 0.66 0.60 0.63 0.68 0.58 0.36 0.43 0.61 0.26 

Dee 0.71 0.45 0.59 0.72 0.67 0.60 0.32 0.45 0.58 0.32 

Max 
0.91 0.86 0.80 0.85 0.88 0.82 0.73 0.75 0.96 0.59 

Ratio 

‘Min 
0.19 0.13 0.30 0.11 0.19 0.16 0.14 0.20 0.30 0.17 

Ratio 

Seasonal variations in meteorological conditions and in the activity of emissions sources cause 
the size, composition, and concentration of particulate matter to vary by region and by season. 
Because air typically flows inland from the Pacific Ocean, the percentage of days exceeding the 
California 24-hour standard is generally lower along the coast than in inland areas. As the air 
parcel moves downwind across areas with significant anthropogenic activities, fresh emissions 
and gas-to particle conversion cause PM concentrations to increase with distance, for example, 
along the North Long Beach, Azusa, Riverside-Rubidoux corridor. PM2.5 concentrations are 
highest during the winter months (November to February). Cool temperatures, low inversion 
layers, and humid conditions favor the formation of secondary nitrate and sulfate particles, 
which are found predominantly in the fine fraction. Residential wood combustion also leads to 
higher PM2.5 concentrations during the winter. From 1988 to 1999, in the San Joaquin Valley, 
97% of the four highest 24-hour PM2.5 concentrations and 68% of the four highest PM10 
concentrations occurred during the winter. In the South Coast 53% of the four highest PM2.5 
and 58% of the highest PM10 levels occurred in the winter season. Soil dust is the dominant 
contributor to PM10 in the summer. A desert environment generally has low PM concentrations, 
but on occasion high winds cause significant increases in dust. 
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Figure 6.1 I _ Winter average PM1 0 and PM2.5 concgntrations by region 

Monitoring Site Name 

6.3.1.4 Source Apportionment 

Chemical Mass Balance (CMB) models are used to establish which sources and how much of 
their emissions contribute to ambient particulate matter concentrations and composition. 
CMB models use chemical composition data from ambient PM samples and from emission 
sources. These data are often collected during special source attribution studies. The quality of 
source apportionment results depends on the adequacy of the chemical markers used for each 
potential source and of the ambient chemical composition data used in the analysis, as well as 
the inclusion of appropriate sources- The source attribution data presented in this report was 
derived from a variety of studies with differing degrees of chemical speciation. In general, 
however, the source categories can be interpreted in the following manner. The road and other 
dust, wood smoke, cooking, vehicle exhaust, and construction categories represent sources 
which directly emit particles- Road and other dust represents the combination of mechanically 
disturbed soil (paved and unpaved roads, agricultural activities) and wind-blown dust. Wood 
smoke generally represents residential wood combustion, but may also include combustion from 
other biomass. burning such as agricultural or prescribed burning and cooking. The vehicle 
exhaust category represents direct motor vehicle exhaust particles from both gasoline and 
diesel vehicles. Construction reflects construction and demolition activities. Ammonium nitrate 
and ammonium sulfate represent secondary species (i.e., they form in the atmosphere from the 
emissions of nitrogen oxides (NOx), sulfur oxides (SOx), and ammonia). Combustion sources 
such as motor vehicles and stationary sources contribute to the NOx that forms ammonium 
nitrate. Mobile sources such as diesel vehicles, locomotives, and ships and stationary 
combustion sources emit the SO, that forms ammonium sulfate. Ammonia sources include 
animal feedlots, fertilizers, and motor vehicles. The other carbon sources category reflects 
organic sources not included in the source attribution models, such as natural gas combustion, 
as well as secondary organic carbon formation. The unidentified category represents the mass 
that cannot be accounted for by the identified source categories. It can include particle-bound 
water, as well as other unidentified sources. Figure 6.12 illustrates the results of the PM25 
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source apportionment analysis conducted for Fresno using ambient air samples collected 
January 1” through Gth3 of 1996. 

Figwre 6.12. Source cateabries Winter 24-Hour Average Ph& 
Fresno (I 14-6/96) 

Other 

Vehicle Exhaust 
Unidentified Particles Wood 

12% 13% Amoke 

Mobile and 
Stationary Combustion NO, 

(ammonium nitrate) 
36% 

(ammonium sulfate) 
5% 

Total Mass = 64 uglrr? 

co-ntributing to PM2.5 in Fresno 
during the winter. 

For the area represented by the Children’s Health Study and by the IMPROVE network, specific 
source apportionment analysis has not been conducted. Instead, the primary chemical 
components of ambient PM25 are shown.. As discussed above, nitrate and sulfate are 
secondary species. Soil, elemental carbon, as well as much of the organic carbon are primary 
species. 

New data that is becoming available will allow for better, and more consistent source 
apportion.ment,. ,For example,..tb.e. PM2.5 speciation sampUs~measure the species needed for 
source apportionment analysis on the same sampler. Previously, ions and carbon were 
measured on the SSI, and elements on the dichotomous samplers, requiring data from different 
samplers to be combined for a complete picture. Data from special studies such as the 
California Regional PM1 O/PM25 Air Quality Study (CRPAQS) and the 1997 Southern California 
Ozone Study (SCOS97) will also provide more detailed speciation data for source 
apportionment analysis. 

As mentioned earlier, the size, concentration, and chemical composition of PM vary by region 
and by season. A number of areas exhibit strong seasonal patterns. Other areas have a much 
more uniform distribution - PM concentrations remain high throughout the year. 

In the San Joaquin Valley, the San Francisco Bay Area, and the Sacramento area, there is a 
strong seasonal variation in PM, with higher PM10 and PM25 concentrations in the fail and 
winter months. The higher concentrations are due to increased activity for some emissions 
sources and meteorological conditions that are conducive to the build-up of PM. During the 
winter, the PM25 size fraction drives the PM concentrations, and the major contributor to high 
levels of ambient PM25 is the secondary formation of PM caused by the reaction of NOx and 
ammonia form ammonium nitrate. Emissions from wood smoke - mostly from fireplaces and 
wood stoves - vehicle exhaust particles, and other carbon sources also contribute significantly 
to PM2.5 levels. The San Joaquin Valley also records high PM10 levels during the fail. During 
this season, the coarse fraction (PMIO-2.5) - mostly road and agricultura! dust - drives the PM 
concentrations. 

in the South Coast region, PM10 and PM2.5 concentrations remain high throughout the year. 
The more uniform activity patterns of emission sources, as well as less variable weather 
patterns, leads to this more uniform concentration pattern On an annual basis, dust from roads 
and construction is the major contributor to ambient PMIO. NQx emitted from mobile and 
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stationary combustion sources, combined with ammonia, contributes significantly. Vehicle 
exhaust particles and ottier carbon sources also contribute. - 

In other areas, high PM can be more episodic than seasonal. For example, in Owens Lake in 
the Great Basin Valleys Air Basin, episodic fugitive dust events lead to very high PM10 levels, 
with soil dust as the major contributor to ambient PM10. In Imperial Valley in the Salton Sea Air 
Basin, fugitive dust and dust from roads and farming operations lead to high PM10 levels. 

Background sites often exhibit very different profiles. In national parks like Redwoods, Lake 
Tahoe, and Pinnacles, organic carbon is the major component of annual average fine 
particulate-matter (Sisler 1996). Figures 6.13 and 6.14 show the PM25 chemical composition at 
two of the PM25 program background sites. Data for Point Reyes are from analysis of ambient 
air collected in 1995 as part of the IMPROVE program. Composition data for San Nicholas 
Island were collected as part of the PTEP95 study. The data show sea salt, sulfate, and organic 
carbon are the largest contributors to PM25 at. both sites. Organic carbon particles in 
background sites originate from natural combustion processes such as wild fires and organic 
aerosols formed from VOC emissions from vegetation. In addition, natural emissions of gaseous 
sulfur compounds contribute to the background sulfate component. 

Annual Average PM25 

Point Reyes (1995) 

Unidentified Sea Salt 

Elemental 
Carbon 

3% 

Organic 
Carbon 

16% 

Nibate 
13% 

18% 

Total Mass 6.5 uglm’ 

Figure 6.13. Chemical composition 
of ambient PM2.5 in the Point Reyes 
National Seashore 

Annual Average PM2,5 

San Nicolas Island (1995) 

Unidentified 
Ammonium 

10% Sea Salt 

Carbon 
21% 

Nitrate 
11% 

[Total Mass 5.6 ug/m31 

Figure 6.14. Chemical composition 
of ambient PM2.5 in San Nicolas 
Island 

6.3.1.5 Frequency of Measured PM1 0 and PM2.5 Concentrations 

We generated histograms that represent the frequency distribution of observed particulate 
matter concentrations at all sites within an air basin. Separate histograms were plotted for 
1998-2000 for PM10 (Appendices 6-Cl to 6X3) and 1999-2000 for PM2.5 observations 
(Appendices 6-Dl and 6-D2). As with previous analyses, the PM10 data is derived from the SSI 
monitor and the PM2.5 data from the FRM monitor. These data were obtained from AIRS on 
May 18,2001_ Figures 6.15 and 6.16 show the PM2.5 histograms generated for the North Coast 
Air Basin and the South Coast Air Basin, respectively. Each bar represents the number of 
observations within the specified range. For example, for PM2.5 the first bar is the number of 
observations between 0 and 5 pg/m3, the second between 5 and IO pg/m3 and so on. The 
histograms provide information on the frequency of high concentrations within each air basin, as 
well as the most frequent, or predominant concentration levels, and can provide insight into the 
impact of setting the standards at varying levels. 
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II-I many of the air basins, 80% of the PM30 observations are below 30 to- 35 pg/m3. However, 
other air basins, such as ‘the San Joaquin Valley and the South Coast, have significant numbers 
of observations that are much higher. In these areas, the 80% cumulative frequency is not 
reached until about 70 pg/m3. For PM2.5, in many of the air basins, most of the observations 
are below 10 to 20 pg/m3 (in the North Coast Air Basin example shown on Figure 6.15, all 
observations are below 30 pg/m3). tlowever, as with PMIO, areas such as the San Joaquin 
Valley and the South Coast (Figure 6.16), exhibit a distribution such that the 80% cumulative 
frequency is reached at 35 to 40 pg/m3. 

PM2.5 North Coast Air Basin 
Histogram for 2000 

PM2.5 Concentration (us/m’) 

W Frequency + Cumulative % 

Figure 6.15. Frequency distribution of 
ambient PM2.5 levels in the North Coast 
Air Basin (nleasurt$ments from all 
monitors in the air basin). 

PM2.5 South Coast Air Basin 
Histogram for 2000 

PM2.5 Concentration (ug/m3) 

m Freauencv -S Cumulative % 

Figure 6.16. Frequency distribution of 
amt+t PM2.5 level? ir! th” South Coast 
Air Basin (measurements from all 
monitors in the air basin). 

6.3.1.6 Diurnal Variation in PM1 0 levels 

We used PM10 data collected with a Tapered Element Oscillating Monitor (TEOM) at two rural 
agricultural locations in the Sacramento Valley and filter-based samples collected at one urban 
and one rurai site in the San Joaquin Valley to analyze hourly variations in PM10 levels. TEOM 
samplers collect PM10 samples continuously, while filter-based samples were collected every 
three hours. PM10 levels can vary significantly within a day and continuous monitoring data are 
most useful to study these variations. On a rice straw burning day, in the Sacramento Valley, 
PM10 concentrations reached 4 to 5 times the level of the State 24-hour standard for several 
hours, although the 24-hour average PMAO level was barely above the current State standard. 
In the San Joaquin Valley, PM10 levels varied significantly in urban Fresno during the course of 
a winter day, with the highest concentrations occurring at nighttime, while PM10 concentrations 
did not vary much throughout the day in rural SW Chowchilla. Chemical composition data 
indicate diurnal variations in ammonium nitrate were the primary cause of the PM10 variations 
in SW Chowchilla. The rise in PM10 concentrations in Fresno corresponded mostly to significant 
nighttime peaks in vegetative burning, mobile sources, and excess organic carbon. 

6.3.1.7 Particle Size Distribution 

Data on particle size distribution is limited. During the IMS95 winter study in San Joaquin Valley, 
air samples using a Micro-Orifice Uniform Deposit lmpactor (MOUDI) sampler were collected at 
Bakersfield (Chow et al. 1997). The MOUDI partitions ambient PM samples into nine size cuts 
between 0.054 and 15 pm. We used these data to study the size distribution of PM10 

,-‘ 
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components- Soil components were concentrated mainly in the larger size fractions (>3.16 pm), 
the coarse component of PM1 0. The size. of nitrate particles peaked .between 1 and 1.78 pm, 
while organic carbon particles appeared in both larger (peak between ‘0.37 and 1 pm) and 
smaller (CO.054 pm) size fractions. 

6.3.2 Characterization of Ambient Particulate Matter by Air Basin 

This section describes the characteristics of ambient particulate matter for each of the ffieen air 
basins in the State. The information presented includes: maximum 24-hour and annual average 
PM10 and PM25 concentrations, seasonal variation of particulate matter levels; frequency of 
measured -PM1 0 and PM25 concentrations, and ratios of PM2.5 to PM10 levels. Where 
available, source attribution information is also included. For areas where no source attribution 
analyses are available, the primary chemical composition of ambient PM10 or PM2.5 is 
illustrated. Based on the 2000 annual average PM10 emission inventory, we identify the main 
sources of directly emitted PM1 0. 
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On an annua! basis, particulate levels are iow in the 

Great Basin Valleys Great basin Valleys Air Basin (PM10 .= A4 to 20 pg/m3). 
Eighty percent of the 24-hour PM10 observations were 
below 25 to 30 pglm3 and 80% of the 24-hour PM2.5 
observations were under 10 to 15 pg/m3. However, on a 
short term, episodic basis, Great Basin Valleys may 
record some of the highest monitored levels in the State. 
During windy conditions, dust from the Owens and Mono 
dry lakebeds produce extremely high concentrations of 
particulate in the air, reaching 3059 pg/m3 in Mono in 
2000 and 1116 pg/m3 in Owens in 1998. Particulate 
levels exceeded the 24-hour State PM10 standard 64 

times in the -1998-2000 period and two observations over the federal PM2.5 standard were 
recorded in the 1999-2000 period. The Great Basin Valleys Air Basin did not exceed the PM-IO 
annual standard. 

Figure 6.17 illustrates the monthly variation o f the maximum daily PM10 and PM2.5 
concentrations at Keeler in 2000. Keeler is located near the Owens dry lakebed. High PM10 
concentrations can occur at any time of the year, though more frequently in the spring and fall. 
PM2.5 concentrations are relatively uniform most of the year. 

Figure 6.17. Monthly variation in maximum 
24,hour PM10 and PM2.5 concentrations at Keeler 

I Great Basin Valleys - Keeler 2000 I 
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*The monitors used to measure PM10 and PM2.5 
are different and occasionally recorded 
concentrations of PM2.5 which are greater than 
PMIO. 

Data obtained from the Keeler and Coso Junction dichotomous samplers in 1999 indicate the 
PM2.5 component of PM10 ranges from 14% to 89%, with an annual average of 33%. 
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Based on the 2006 annual PM10 emission inventory, the major sources .of- directly emitted 
particulate matter in the Great Basin Valleys Air Basin are unpaved road dust, windblown dust, 
residential wood burning, and wildfires. 

In the town of Mammoth Lakes, high 
PM10 concentrations usually occur 

Figure 6.18. Monthly variation in maximum 
24-hour PM10 and total carbon levels at 
Mammoth. during the winter months (December 

- February). Figure 6.18 shows the 
monthly variation of the maximum 
daily PM10 concentrations in 1997. 
The chart also illustrates how much 
of the measured PM10 is total 
carbon. During the winter, total 
carbon comprises 30% to 50% of 
the measured PMIO. Sources of 
carbon include residential wood 
combustion and motor vehicles. 

Mammoth Lakes PM1 0 Composition 
(1997) 
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Lake county 
Air Basin 

r--l 

On average, bake Couqty has among the lowest particulate 
levels in. the State. Maximum 24-hour P.MlO ranges from 
22 to 35 pg/m3 and maximum 24-hour PM2.5 from 
9 to 15 plg/m3, with no exceedances of either standard. 

Figure 6.19 illustrates the monthly variation of the maximum 
daily PM10 and PM25 concentrations at kakeport in 1999. 
PM10 levels are highest from August through October and are 
low the rest of the year. PM2.5 concentrations peak in October 
and November. 

Based on estimated 2000 annual average PM10 emission 
inventory data, the principal sources of directly emitted 
particulate matter in Lake County are unpaved road dust and 
residential wood burning. Occasionally, Lake County also has 
significant levels of particulates from wildfires. 

Figure 6.19. Monthly variation in maximum 
24-hour PM10 and PM2.5 concentrations at 
Lakeport 

Lake Coutity - Lakeport 1999 
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*The monitors used to measure PM10 and PM25 are 
different and occasionally recorded concentrations of 
PM2.5 which are greater than PM1 0. 
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Lake Tahoe. In the Lake Tahoe Air Basin, particulate levels exceeded the 24- 

Air &a&in 
hour State. .PM10 standard tie times .in the !998-2OCIII period, 
but fine particulate levels were well below the federal PM25 
standards. The State annual PM10 standard was also not 
exceeded. In 1998, 80% of the PM10 observations were below 
45 to 50 pg/m3. In the last two years, 80% of the PM2.5 
observations were below 10 to 15 pg/m3. 

Figure 6.20 illustrates the monthly variation of the maximum 
daily PM10 and PM2.5 ‘concentrations in South Lake Tahoe in 
2000. PM10 as well as PM2.5 levels are highest during the late 
fall and winter (November through February), and are lowest in 
the in spring and summer. 

Figure 6.20. Monthly variation in maximum 
24-hour PM10 and PM2.5 concentrations at 
South Lake Tahoe 

Lake Tahoe - South Lake Tahoe 2000 
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“The monitors used to measure PM10 and PM25 are 
different and occasionally recorded concentrations of 
PM2.5 which are greater than PM1 0. 

Based on the 2000 annual PM10 emission inventory, the major sources of directly emitted 
particulate matter are unpaved road dust and residential wood burning. 
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In the Mojave Desert Air Basin., particulate levels 
exceeded the 24-hour State PM10 standard 31 times in 
the 1998-2000 period, but fine particulate levels were 
below the federal PM25 standards. The State annual 
PM10 standard was also not exceeded. Eighty percent 
of the PM10 observations were below 36to3k !-am3 
and 80% of the PM26 observations were below 
20 to 25 pg/m3. 

Figure 6.21 illustrates the monthly 
variation of the maximum daily PM10 Figure 6.21 S Monthly variation in maximum 

and PM26 concentrations in Lancaster 24-hour PM10 and PM2.5 concentrations at 

in 1999. PM10 as well as PM25 levels Lancaster 

are highest during the winter months - 
December and January. During the rest 
of the year, PM2.5 levels are quite tow, 

Mojave Desert - Lancaster 1999 

while PM10 levels fluctuate with no 90 

distinct pattern; g 80 P 
J I 

Data from the dichotomous sampler at 
3 70 

J 
Victorville in 1999 indicate the PM26 
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component of PM10 ranges from 19% to z 40 \ 
75%. The average PM2.5 fraction of s 30 
PM10 is 46% from November to b= n 
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February and 39% from March to : IO -e-.* ,*-*---,-a---~ 

October. OO 7 

Ambient dir quality data from 1997 
12345678 9 10 11 12 

through 1999 show low levels of Month 

secondary nitrate and sulfate particulate + PM2.5 -E PM10 
in the Mojave Desert, indicating that 
most of the particulate matter is primary “The monitors used to measure PM10 and PN12.5 are 
in origin. different and occasionally recorded concentrations of 

Based on the 2000 annual PMIQ 
PM2.5 which are greater than PM1 0. 

emission inventory, the major 
contributors to primary particulates in the Mojave Desert Air Basin are unpaved road dust, 
windblown dust, paved road dust, and construction related dust. A few point source categories, 
such as mineral processing facilities, also contribute significant emissions. 
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Mountain Counties 
Air Basin. . In the Mountain Counties Air Basin, particulate levels exceeded 

the 24-hour State PM10 standard 34 times in the 1998-2000 
period and four observations over the federal 24-hour PM2.5 
standard were recorded in 1999. Fine particulate exceedances 
in 1999 were most probably due to wild fires which occurred in 
the late summer and early fall. Neither the State PM10 nor the 
federal PM2.5 annual standards were exceeded. In the 
Mountain Counties 80% of the PM-IO observations were below 
30 to 35 pg/m3 and 80% of the PM2.5 readings were below 10 
to 15 pg/m3- 

Figure 6.22 illustrates the monthly variation of the maximum 
daily PM10 and PM25 concentrations in Quincy in 2000. 
Highest ambient concentrations of PM10 occur during the 
summer and winter months, while fine particulate matter levels 
are highest in the late fall and early winter months of November 
through January. 

Data obtained from the Portola 
dichotomous sampler in 1999 
show that the PM2.5 portion of 
PM10 ranged from 19% to 91%. 
The average PM2.5 fraction of 
PM10 was 72% from November 
through January and 41% during 
the rest of the year. 

Based on the 2000 annual PM70 
emission inventory, directly 
emitted particulate sources are 
unpaved road dust, wood burning 
stoves and fireplaces, and open 
burning. 

Figure 6.22. Monthly variation in maximum 24-hour PM10 
and PM2.5 concentrations at Quincy 

Mountain Counties - Quincy 2000 
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‘The monitors used to measure PM10 and PM2.5 are 
different and occasionally recorded concentrations of 
PM25 which are greater than PM1 0. 
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As shown on Figure 6.23 , substantial levels of organic carbon are observed.in ‘the late fall and 
winter months, most likely due to residential burning and motor vehicles. There m’ay also be 
episodic particulaL, c +n nmission imoacts when forest management burning takes place. 

Figwre 6.23. Monthly variation in maximum 
24-hour PM10 and total carbon 
concentrations at Quincy 

Quincy PM-IQ Composition 
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North Central Coast 
Air Basin 

In the North Central Coast Air Basin,. particulate levels 
exceeded the 24-hour State PM10 standard 18 times in 
the 1998-2000 period, but fine particulate levels were 
below the federal PM25 standards. The State annual 
PM10 standard was also not exceeded. In the North 
Central Coast, 80% of the, PM10 obsen/ations were below 
30 to 35 pg/m3 and 80% of the PM25 measurements were 
below 10 to 15 pg/m3. 

Figure 6.24. Monthly variation in maximum 
24-hour PM10 and PM2.5 concentrations at 
Santa Cruz 

Figure 6.24 illustrates the monthly 
z 

variation of the maximum daily PM10 and 
PM2.5 concentrations in Santa Cruz in 
2000. Fine particulate levels are highest 
from November through January and are 
very low the rest of the year. PM10 levels 
fluctuate throughout the year, with no 
distinct seasonal pattern. 

Based on the 2000 annual PM10 emission 
inventory, the major sources of directly 
emitted particulates in the North Central 
Coast Air Basin are unpaved roads, 
windblown dust, dust from farming *The monitors used to measure PM10 and PM25 are 

operations, paved road dust, and 
different and occasionally recorded concentrations of 

residential wood burning. 
PM2.5 which are greater than PMlO. 
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Not-ii Coast Air ,B l asin 

Figure 6.25. Monthly variation in maximum 
24hour PM1 0 and PM2.5 concentrations at Ukiah 

In the North Coast Air Basin, particulate levels exceeded the 
24-hour State PM10 standard 13 times in the .l998-2000 period, 
but fine particulate levels were below the federal PM25 
standards. The State annual PM10 standard was also not 
exceeded. in the North Coast Air Basin, 80% of the PM10 
observations were below 30 to 35 pg/m3 and 80% of the PM25 
measurements fell below 10 to 15 pg/m3. 

Figure 6.25 illustrates the monthly variation of the maximum daily 
PM10 and PM2.5 concentrations in Ukiah in 2000. PM1 0 as well 
as PM2.5 levels are highest during the months of November 
through January, with a smaller peak in June. 

/ North Coast - Ukiah 2000 
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*The monitors used to measure PM10 and PM2.5 are 
different and occasionally recorded concentrations of 
PM23 which are greater than PM1 0. 

Based on the 2000 annual PM10 emission inventory, the principal source of directly emitted 
particulate matter is unpaved road dust. Other significant sources are residential wood burning 
and waste burning, which could include forest management burning. 

6-29 



114 

Northeast Plateau Air Basin In the Northeast Plateau Air Basin,- particulate levels 
exceeded the 24-hour State PM10 standard 26 times in the 
19982000 period, but fine particulate levels were .below the 
federal PM25 standards. The State annual PM10 standard 
was also not exceeded. In this air basin, 80% of the PM10 
measures were below 30 to 35 pg/m3 and 80% of the PM25 
observations were below 15 to 20 pg/m3. 

Figure 6.26 illustrates the monthly variation of the maximum 
daily PM10 and PM2.5 concentrations in Alturas in 2000. 
PM10 levels are highest during the winter months of 
December through March with lower concentrations during 
the spring and summer. PM2.5 levels are highest in 
December. 

Figure 6.26. Monthly variation in maximum 
24-hour PM1 0 and PM2.5 concentrations at Alturas 
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*The monitors used to measure PM10 and PM2.5 are 
different and occasionally recorded concentrations of PM25 
which are greater than PM1 0. 

The 2000 annual PM10 emission inventory shows that unpaved road dust is the predominant 
source of directly emitted particulates. The Northeast Plateau Air Basin may also have 
occasional high emissions from wildfires and forest management burning. 
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In the Sacramento Valley Air Basin-, particulate levels 
exceeded the 24-hour’State PM1 0 standard .61 times in the 
19982000 period and PM25 concentrations. over the 
federal PM25 standard were recorded 16 times in the 1999- 
2000 period. Particulate levels also exceeded both the State 
PM10 and federal PM2.5 annual standards. In the 
Sacramento Valley Air Basin, 80% of the PM10 
observations are below 45 to 50 pg/m3 and 80% of the 
PM2.5 measurements are below 20 to 25 pg/m3. 

Figures 6.27 and 6.28 illustrate the monthly variation of the 
maximum daily PM10 and PM2.5 concentrations in Colusa, 
a rural community in the central portion of the Valley, and 
the city of Sacramento, in the southern portion of the Valley 
for 2000, respectively. In Colusa, PM10 levels oscillate 
throughout the year with no distinct seasonal pattern. PM2.5 
levels are highest in the fall and winter. In contrast, in 

Sacramento, both PM10 and PM2.5 levels are low during the spring and summer, with PM10 
reaching peak values in the fall and early winter and PM2.5 reaching highest values in the 
winter. Data obtained from the Sacramento dichotomous sampler show that in 1999 and 2000 
the PM2.5 portion of PM10 ranged from 13% to 86%. The two-year average PM2.5 portion of 
PM10 from November through February was 68% dropping to 43% from March through 
October. 

Figure 6.27. Monthly variation in 
maximum 24-hour PM10 and PM23 
concentrations at Colusa 
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Figure 6.28. Monthly variation in 
maximum 24-hour PM10 and PM2.5 
concentrations at Sacramento 

Sacramento Valley - Sacramento 2000 
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*The monitors used to measure PM10 and PM25 are different and occasionally recorded 
concentrations of PM2.5 which are greater than PMIO. 

Based on the 2000 annual PM10 emissions inventory, the major sources of directly emitted 
particulates in the Sacramento Valley include soil from farming, construction dust, paved road 
dust, smoke from residential wood combustion, and exhaust from mobile sources such as cars 
and trucks. 
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Figures 6.29 and 6.30 illustrate source contributions to ambient PM10 and PM25 during the 
winter in Sacramento. The data are from, ‘the analysis of ambient air samples. collected from 
November through January, during six years - 1991 through 1996 (Motallebi 1999., Motallebi 
2001). The constituents shown can vary based on a variety of factors such as meteorology and 
which particulate sources are most active. 

Figure 6.29. Source contribution to PM10 Figure 6.30. Source contribution to PM2.5 
during the winter during the winter 

Winier* 24 Hour- Average PM,, 
Sacramento (1991-1996) 
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23% 
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(ammonium nitrate) 

38% Total Mass = 40 ug/m3 

*Average of days with PM1 0 > 40 pg/m3. 

NOx emissions from mobile and stationary combustion sources, combined with ammonium, 
contribute the most to ambient PM levels. Vehicle exhaust particle emissions and wood smoke 
from residential wood combustion also contribute significantly. While road and other dust is a 
significant component of ambient PMIO, its contribution to PM25 is minor. 

Figure 6.31. Hourly PM10 levels on a 
smoky day in rural Sacramento 

Rural Sacramento 
Smoky Day (10120/2000) 
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The northern Sacramento Valley can be 
impacted by seasonal agricultural burning, 
mostly during the fall. Figure 6.31 illustrates 
the hourly variation in PM10 levels on a rice 
straw burning day in Willows and Colusa in 
2000. PM10 levels reached 4 to 5 times the 
level of the State 24-hour PM10 standard 
for two hours in Willows and an average of 
3 times the level of the standard for three 
hours in Colusa. 
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Saiton Sea Air Basin 
In the Saiton Sea Air Basin- particuiate Bevels 
exceeded the 24-hour State PM10 standard 208 times 
in the 1998-2000 period, but only one observation 
over the 24-hour federal PM2.5 standard was 
recorded in 2000. Particulate levels also exceeded 
both the State PM10 and federal PM25 annual 
standards. Eighty percent of the PM10 observations 
were below 100 to 120 pg/m3, while 80% of the PM2.5 
measurements fell below 20 to 25 pLg/m3. 

Figure 6.32 illustrates the monthly variation of the maximum daily PM-IO and PM2.5 
concentrations in Calexico in 2000. PM10 levels peak in the summer and fall. Fine particulates 
show a small increase in the fall and winter. 

Figure 6.32. Monthly variation in maximum 
24whour PM?0 and PM2.5 in Calexico 

Salton Sea - Calexico 2000 
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*The monitors used to measure PM10 and 
PM2.5 are different and occasionally recorded 
concentrations of PM2.5 greater than PMIO. 

Data obtained from the Calexico dichotomous sampler in 2000 indicate the PM25 component of 
PM1 0 ranges from 13% to 49%. The average PM2.5 fraction of PM10 from November to 
January is 34% and from February to October is 24%. 

Based on the 2000 annual PM10 emission inventory, the major contributor of directly emitted 
particulates in the Salton Sea is windblown dust. Unpaved road dust and farming related dust 
also contribute. 

Data for Figures 6.33 and 6.34 are from the source apportionment analysis of ambient samples 
collected during 1996 in Calexico. The source profiles developed by Chow and Watson (1997) 
were used in the analysis (Woodhouse, 2001). 
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In both cases, dust -windblown, road 
and agricultural - is the major 
contributor to PMIO. Vehicle exhaust 
particle emissions also contribute 
significantly. Combustion emissions 
from industrial processes and 
agricultural bums contribute 
noticeably to PM10 on an annual 
basis, but are a minor contributor to 
the peak 24-hour average PM10 
levels. 

The observed results could partially 
be due to transported pollutants from 
the neighboring city of Mexicali, which 
has high traffic- Secondary sulfate 
and nitrate formed from reactions in 
the atmosphere of nitrogen oxides 
and sulfur oxides from motor vehicle 
exhaust and other combustion 
processes also are small contributors 
to particulate matter levels in the air 
basin. 

Figure 6.33. Sources contributing to annual 
average PM10 levels in Calexico 
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Figure 6.34. Sources contributing to peak 
24-hour PM10 levels in Calexico 
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SAN DIEGO 

In the San Diego Air Basin, particulate levels are high year- 
round, exceeding both the annual State PM10 and federal 
PM2.5 standards over the 19982000 period.. Ambient 
particulate levels also exceeded the State 24-hour PM10 
standard 67 times in these three years and two PM2.5 
observations over the federal PM25 standard were recorded 
in the 1999-2000 period. In San Diego County, 80% of the 
PM10 measurements were below 40 to 50 pg/m3 and 80% of 
the PM2.5 observations were below 20 to 25 ,uglm3. 

Figure 6.35 illustrates the monthly variation of the maximum daily PMlQ and PM2.5 
concentrations in Escondido in 2000. PM10 concentrations exhibit no distinct seasonal pattern, 
while PM2.5 concentrations are highest during the fall and winter. 

Figure 6.35. Monthly variation of maximum 
24-hour PM10 and PM2.5 levels in Escondido 

/ Sam Diego - Escondido 2000 

“The monitors used to measure PM10 and PM23 are 
different and occasionally recorded concentrations of 
PM2.5 which are greater than PMlQ. 

Based on the 2000 annual PM10 emission inventory, the major contributors to directly emitted 
particulates in the San Diego Air Basin are construction dust, paved road dust, and unpaved 
road dust. Other sources are fireplaces and woodstoves, mobile sources, and mineral 
processes. 

6-35 



120 

Data for Figure 6.36 are from the chemical analysis of ambient data cqllected. in Alpine from 
1994 through 1999 as part of the Southern California Children’s Health Study. The data show 
substantial contributions from secondary nitrate and sulfate formed from reactions in the 
atmosphere of nitrogen oxides and sulfate oxides from motor vehicle exhaust and other 
combustion processes. The unidentified category represents emissions from dust sources and 
from total carbon. Carbon sources include wood smoke, other combustion sources, and motor 
vehicles (Salmon et al. 2001). 

Figure 6.36. Sources contributing to annual 
average PM2.5 levels in Alpine 

Alpine - Annual Average PM2.5 
(1994 - 1999) 
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San Francisco Bay Area 
Air Basin 

SAN FRANCISCO 

ln the San Francisco Bay Area Air Basin, particulate levels 
exceeded the 24-hour State PMlQ standard-24 times in the 
1998-20010 period and five PM25 observations over the 
24-hour federal PM2.5 standard were recorded in the 
1999-2000 period. Eighty percent of the 24-hour PM10 
observations were below 25 to 30 pg/m3 and 80% of the 24- 
hour PM25 measurements were below 20 to 25 pg/m3. 

Figure 6.37 illustrates the monthly variation of the maximum 
daily PM10 and PM2.5 concentrations in San Jose in 2000. 
Highest concentrations of both PM10 and PM2.5 occur 
during the winter months of November through January. 
PM2.5 drives PMIQ concentrations during the winter, while 
smaller summer peaks are driven by PMA 0. 

Data obtained from the San Jose 
dichotomous sampler in 1999 indicate 
the PM25 portion of PM10 ranges from 
30% to 80%. The average PM2.5 portion 
of PM10 from November to January is 
61%, dropping to 46% from February to 
October. 

Figure 6.37. Monthly variation of maximum 
24-hour PM10 and PM2.5 levels in San Jose 

San Francisco Bay Area - San Jose 
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*The monitors used to measure PMlQ and PM2.5 
are different and occasionally recorded 
concentrations of PM2.5 which are greater than 
PMIO. 

Based on the 2000 annual PM10 emission inventory of directly emitted particulate matter, major 
sources include smoke from residential wood combustion, dust from construction operations, 
and the dust created by vehicles traveling on paved roads. There are also significant emissions 
from unpaved road dust in some counties and motor vehicle exhaust from cars and trucks. 
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Figures 6.38 and 6.39 illustrate the sources of PM during the winter in the San Francis0 Bay 
Area. The data are from the source app.ortionment ana’lysis conducted by the Bay Area Air 
Quality Management District using samples collected during two special studies (Fairley, 1996, 
2001). 

Figure 6.38. Sources contributing to 
winter peak 24-hour levels of PM10 in 
San Jose 
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Figure 6.39. Sources contributing to 
winter peak 24-hour levels of PM2.5 
in San Jose 
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During the winter in San Jose, high PM concentrations are associated with high levels of wood 
smoke - primarily from residential wood combustion, and cooking. NO, emitted from mobile and 
stationary combustion sources, in combination with ammonia, contributes about one fourth of 
the PM levels. Particle emissions from mobile and stationary combustion sources are also a 
major contributor to PM25 Road dust is a significant contributor to PM1 0, but not PM2.5. 
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San Joaquin Val,lep 
Air Basin 

In 1999 and 2000, the San Joaquin Vailey Air Basin 
recorded the highest PM2.5 levels in the State - more 
than twice the federal standard 1 and .74 PM25 
observations over the federal standard were recorded. 
Particulate levels exceeded the 24-hour State PM10 
standard 177 times in the 1998-2000 period. Particulate 
concentrations also exceeded both the State PM10 and 
federal PM2.5 annual standards. In the San Joaquin 
Valley Air Basin, 80% of the PM10 observations were 
below 60 to 65 pg/m3 and 80% of the PM25 
measurements were below 35 to 40 pg/m3. 

Figures 6.40 and 6.41 illustrate the monthly variation of 
the maximum daily PM10 and PM25 concentrations in 
Corcoran in 2000 and in Fresno in 1999. In Corcoran, 
PM10 levels are highest in October and November, with 
PM25 peaking in November. In Fresno, PM10 and 

PM25 are highest from October through January. PM25 drives PM10 concentrations during the 
wintertime in Fresno. The PM25 fraction of PM10 is smaller in Corcoran with fall peaks driven 
by PM1 0. Data obtained from the Fresno dichotomous sampler from 1998 through 1999 indicate 

Figure 6.40. Monthly variation of Figure 6.41. Monthly variation of 
maximum 24-hour PMlO and PM2.5 levels maximum 24-hour PM10 and PM2.5 levels 
in Fresno in Corcoran 
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‘The monitors used to measure PM10 and PM25 are different and occasionally recorded 
concentrations of PM2.5 which are greater than PMIO. 

the PM25 component of PM10 ranges from 19% to 88%. The November through February 
average PM25 fraction is 75% of PM10 and the March through October average is 38%. Data 
obtained from the Corcoran dichotomous sampler from 1998 and 1999 show that the PM25 
component ranges from 32% to 90%. The November through February average PM25 portion 
of PM10 is 62% and the March through October average is 28%. 

Figure 6.42 shows the daily variations in PM2.5 levels in Fresno during the winter of 2000 to 
2001. The data were obtained as part of the CRPAQS study. PM2.5 concentrations were over 
the federal 24-hour PM2.5 standard close to 40% of the time. 
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Based on the 2000 annual PM10 emission 
inventory, the major sources of d.irectly 
emitted particulates in the San Joaquin 
Valley are agricultural and unpaved road 
dust, paved road dust, and windblown dust. 
Other sources include stationary industrial 
activities, residential wood combustion, and 
pat-ticulates emitted by mobile sources such 
as cars and trucks- 

Figures 6143 and 6.44 illustrate source 
contributions to ambient PM in the San 
Joaquin Valley during the fall and winter. 
These are the results from a detailed 
chemical analysis of samples collected 
during the 1995lntegrated Monitoring Study 
(Magliano et al. 1999). 

Figure 5.42. Daily variations in winter 
PM2.5 levels in Fresno . 
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Figure 6.43. Sources contributing to PM10 
levels in the fall in Corcoran 

Figure 6.44. Sources contributing to 
PM2.5 levels in the winter in Fresno 
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Stationary 
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36% Total Mass = 54 ug/m3 

In the fall at Corcoran, elevated concentrations of PM10 were associated with high levels of 
road and agricultural dust. NOx emissions from mobile and stationary combustion sources, 
combined with ammonia, led to significant secondary ammonium nitrate contributions to PMlO. 
During the winter, in Fresno, secondary ammonium nitrate was the major contributor to PM2.5 
and PMIO. Emissions from wood smoke, vehicle exhaust particles, and other carbon sources 
also contributed significantly to PM25 levels. 

Figure 6.45 illustrates the source contributions to winter PM2.5 levels at two urban and two rural 
areas in the valley. The Bakersfield and Fresno sites were located in large urban areas; the 
Kern Wildlife Refuge site was located amidst natural vegetation, while the SW Chowchillla site 
was in a rural area, surrounded by agricultural fields. At the peak of a winter PM2.5 episode, 
PM2.5 concentrations at the two rural sites were about half of the PM2.5 levels at the two urban 
sites. Secondary ammonium nitrate was the largest contributor at all four sites. Vegetative 
burning and direct mobile source exhaust contributed 19% and 12% of the PM2.5 mass in the 
urban areas, but only an average of 8% and 9% at the rural sites. The excess organic carbon 
resulting from combustion sources other than vegetative burning and mobile sources as well as 
secondary organic carbon - was significant at the urban, but not at the rural sites. 
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Figure 6.45. Sources contributing to the Figure 6.46. Comparison .of hourly 
PM25 levels at the peak of a winter variations in winter PM25 !eve!s at urban 
episode.in two urban and two rural areas Fresno and rural SW Chowchilla 
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day, with the highest concentrations 

Figure 6.46 illustrates that in the winter 

occurring during the night&&. In 

in Fresno, 

contrast, in rural SW Chowchilla 

PM10 levels varied 

PM10 levels did not vary much within 

significantly during the course of the 

a day. Chemical composition data 
indicate diurnal variations in 
ammonium nitrate were the primary 
cause of the PM10 variations in SW 
Chowchilla. The rise in PM10 
concentration in Fresno corresponded 
mostly to significant nighttime peaks 
in vegetative burning, mobile sources, 
and excess organic carbon (Magliano 
et al. 1999). 

Figure 6.47. Particle size distributions for nitrate, 
organic carbon and soil during a winter episode 
in hakersfiilSd 

Bakersfield - Particle Size Distribution 
(12/28/95) i 

MOUDI Stage 
Ei Nitrate 0 Organic Carbon n Soil 

Data for Figure 6.47 are’ from air 
samples collected with a Micro-Orifice 
Uniform Deposit lmpactor (MOUDI) sampler at Bakersfield during IMS95 (Chow et al. 1997). 
The size distribution of nitrate particles peaked between 1 and 1.78 urn. Organic carbon 
particles appeared in both smaller (CO.054 pm) and larger (peak between 0.37 and 1 urn) 
stages. The ultrafine carbon particles (< 0.08 pm) result from direct emissions from combustion 
sources or from the condensation of gases cooied down soon after they are emitted. The soil 
components were concentrated mainly on the larger particle size fractions (~3.16 plm), the 
coarse fraction of PM1 0. 
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South Central Coast 
Air Basin 

In the South Central Coast Air Basin, particulate levels 
exceeded the 24-hdur State PM10 standard 60 times in 
the1998-2000 period. Neither of the federal PM2.5 
standards or the State annual PM10 were exceeded in the 
last few years. Eighty percent of the 24-hour PM10 
observations were below 30 to 35 pg/m3 and 80% of the 
24-hour PM25 measurements were under 10 to 15 pg/m3. 

Figure 6.48 illustrates the monthly variation of the 
maximum daily PM10 and PM2.5 concentrations at 
Thousand Oaks in 1999. PM10 concentrations tend to 
peak in the summer, while highest PM25 levels occur in 
November and January. 

Figure 6.48. Monthly variation of Figure 6.49. Sources contributing to 
maximum 24-hour PM10 and PM2.5 levels annual average PM1 0 levels in 
in Thousand Oaks Santa Barbara 

South Central Coast 
Thousand Oaks 1999 
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*The monitors used to measure PM10 and 
PM2.5 are different and occasionally recorded 
concentrations of PM2.5 which are greater 
than PMIO. 

Santa Barbara -Annual Average PM10 
(1989) 

Vehicle Exhaust Partides 

18% 

Total Mass = 34 us/m3 

Combustion NO, 
(nitrate) 

1% 

9% 

Based on the 2000 annual PM10 emission inventory, the major contributors of directly emitted 
particles in the South Central Coast Air Basin are paved and unpaved road dust, dust from 
farming operations, and residential and waste burning. This region can also have significant 
seasonal wildfire emissions 

Data for Figure 6.49 are form source apportionment analysis performed for the 1989 Santa 
Barbara County PM10 Study (Chow et al. 1996). The constituents shown can vary daily and 
from year to year depending on factors such as meteorology and which particulate sources are 
most active. On an annual basis, in the city of Santa Barbara, vehicle exhaust is the major 
contributor to PM10 levels. Sea salt and road dust also contribute significantly. Secondary 
ammonium nitrate and sulfate are relatively small contributors. 
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In the South Coast Air Basin, particulate !evels 
exceeded the 24-hour State PM’lO standard 197 times 
in the 19982000 period, and ‘38 Pk12.5 observations 
over the 24-hour federal PM2.5 standard were recorded 
in the 1999-2000 period. Particulate levels also 
exceeded both the State PMlO and federal PM2.5 
annual standards. The South Coast recorded some of 
the highest levels of PM25 in the State - almost twice 
the level of the standard. Eighty percent of the 24-hour 
PM10 observations were below 65 to 80 pg/m3 and 80% 
of the 24-hour PM2.5 measurements were below 35 to 

. 
40 pglm”. 

Figure 6.50 illustrates the monthly 
variation of the maximum daily 

Figure 6.50. Monthly variation of maximum 

PM10 and PM2.5 concentrations in 
24hour PM10 and PM2.5 levels in Riverside 

Riverside in 1999. Both PM10 and 
PM25 concentrations exhibit no 
distinct seasonal pattern, with high 
concentrations throughout the year. 

Data obtained from the Long Beach 
dichotomous sampler in 1999 
indicate the PM25 portion of PM10 
ranges. from 30% to’ 46%. The 
average PM2.5 portion of PM10 
from November to February is 59% 
dropping to 45% from February to 
October. 

/ 
South Coast - Riverside 1999 

The 2000 annual PM10 emission 
inventory shows that the major 
sources of directly emitted / 

1 2 3 4 5 6 7 8 9 10 1112 

Month 

-e- PM25 -w- PMIO 
particulates in the South Coast Air 
Basin are paved road dust, unpaved *The monitors used to measure PM10 and PM2.5 are 

road dust, construction related dust, different and occasionally recorded concentrations of PM25 

and the general categories of motor which are greater than PM1 0. 

vehicle emissions and industrial 
emissions. 

Data for the illustrations below are from the source apportionment analysis that the South Coast 
Air Quality Management District (SCAQMD) performed for the 1997 Air Quality Management 
Plan. SCAQMD collected samples during a one-year special study from January 1995 to 
February 1996 as part of the PM1 OTechnical Enhancement Program (SCAQMD, 1996). 

Figure 6.51 shows that on an annual basis, in Central Los Angeles, dust from roads and 
construction is the major contributor to ambient PM10. This is not the case for the episode on 
November 17, 1995 (Figure 6.52). In both cases, NOx and SOx emitted from mobile and 
stationary combustion sources, combined with ammonia, contribute significantly. Vehicle 
exhaust particles and emissions from other carbon sources also contribute to both annual and 
episodic ambient PM1 0 levels. 
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On an annual basis,‘ in Rubidoux, ‘dust’from roads and construction is the major contri,butor to 
ambient PM10 (Figure 6.53). In contrast, as shown in Figure 6.54, dust was a minor contributor 
to the PM10 episode on November 17, 1995. in both cases, NOx emitted from mobile and 
stationary combustion sources, combined with ammonia, contributes significantly. Vehicle 
exhaust particles and emissions from other carbon sources also contribute to both annual and 
episodic ambient PM1 0 levels. 

Figure 6.51. Sources contributing to Figure 6.52. Sources contributing to 
annual average PM1 0 levels in PM10 levels during a November episode in 
Central Los Angeles Central Los Anaeles 
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Figure 6.53. Sources contributing to 
annual average PM1 0 levels in 
Rubidoux 
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Figure 6.54. Sources contributing to a 
PM10 levels during a November episode in 
Rubidoux 
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6.4 Ambient Ah- Quality Population Exposure 

6.4.1 Introduction 

This section addresses two main questions: 1) what percent of the population in each air basin 
is exposed to ambient concentrations over the levels of the current and revised State PM10 
standards, the current federal PM25 standards and the new State PM25 standards. 2) what is 
the population weighted average PM10 and PM25 concentration in each air basin? 

We recognize that PM can vary in a small spatial scale. Our exposure analysis is limited by the 
number of PM monitors in the State and their geographic distribution in relation with location to 
the population. In addition, research on which PM sizes (e.g., coarse, fine, ultrafine) and which 
compounds of PM are the most toxic is an on-going effort at laboratories in the U.S. and abroad. 
Studies on the spatial distribution of specific PM compounds and particle size number are 
ongoing at the Fresno and Los Angeles Supersites. Samples to study these variables in the 
San Joaqtin Valley were collected as part of the 2000-2001 California Regional PMlO/PM2.5 
Study, and are now being analyzed. We realize that these points need to be considered in 
future PM standard reviews. 

6.4.2 Ambient Air Quality Exposure Model Details and Assumptions 

The basic procedure for determining exposure was first adopted by the ARB in 1993 to fulfill the 
requirements of section 39607(f) of the Health and Safety Code. Full details are provided in 
Guidance for Using Air Quality-Related Indicators in Repotting Progress in Attaining the State 
Ambient Air Qualify Standards (ARB 1993). For this application, ambient PM concentrations and 
population counts were associated by census tract and merged to assemble a distribution of 
exposures to different concentrations of PM. 

Concentrations of many air pollutants including particulate matter change significantly from one 
place to another. PM10 concentrations may be well under the State standard in one location but 
above the standard less than 10 kilometers away. Accordingly, population exposures tend to be 
more accurate when the population data used to estimate them are highly resolved 
geographically. 

Population counts by census tract provide a convenient basis. for determining population 
exposures to air pollutants. A typical census tract contains several thousand people. Densely 
populated areas have many census tracts, while sparsely populated regions have very few. 

Air pollutant data from a network of air quality monitors are used to determine appropriate 
values at census tracts that lie between them. The concentration for a census tract is a 
weighted average of the concentrations at all monitors within a maximum allowed distance. For 
the present analyses of PM10 and PM2.5, the maximum distance was 50 kilometers (75 km in 
the Great Basin Valleys Air Basin). A small number of census tracts are more than 50 km from 
any PM monitor, so their populations were not included in the analyses. The population 
numbers will be affected slightly by different choices for the maximum distance. 

The weight assigned to each monitor is the inverse square of its distance from the census tract. 
In this way, close monitors are more influential than distant monitors are. Geographical features, 
such as mountain ranges, were not used in the model 
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6.4.3 Data Used 

Ambient PM air quality data were extracted from AIRS on May 18, 2001_ Exposure calculations 
were performed for three metrics: for PMIO: annual arithmetic mean (AAM), annual.geometric 
mean (AGM), and peak 24-hour concentration, represented by the Expected Peak Day 
Concentration (EPDC). For PM25 we performed calculations for the annual arithmetic mean 
and the EPDC. PM1 0 data from 1998 through 2000 and PM25 data from 1999 through 2000 
were obtained from all monitors in the State meeting quality assurance criteria for valid data. For 
each metric, different numbers of monitors were available which met the specified validity 
criteria. Therefore the population represented for each metric is slightly different. For PM10 the 
population used in the analysis represented 99 percent of the 1990 statewide total population, 
while for PM25 it ranged from 62% to 66%, due to smaller number of monitors available. For 
variations among air basins see Appendices 6-Gl to 6-G3 and 6-HI to 6-H2. 

As mentioned in section 6.1, the EPDC for a monitoring site is the peak 24-hour PM10 (or 
PM2.5) concentration expected to occur no more than once per year. The EPDC is a highly 
precise estimate of the 99.7* percentile (364/365* percentile) of the 24-hour PM10 (or PM2.5) 
concentrations measured at the monitoring site. Since the sampling frequency for PM10 
concentrations is usually once every six days and for PM25 it varies by monitoring site (once 
every six days, once every three days or daily), the method used for calculating the EPDC 
automatically compensates for sampling frequencies that are less than daily. To calculate the 
EPDC, we use the highest twenty percent of all measurements during the last three years. An 
“exponential-tail” model is used for this purpose (Larsen and Nystrom, 1992; Breiman et al., 
1978). The computer program to determine the EPDC is available to the public upon request 
(Contact: Larry Larsen, ARB). 

1990 census data reported by census tract were used as’the 2000 data were not yet available in 
the census tract format. The census data contains the shape, size, and centroid of each census 
tract, as well as the population count. 

6.4.4 Discussion of the Ambient Air Quality Exposure Model Results 

The detailed output of the exposure model for each of the three PM10 metrics is provided in 
Appendices 6-El to 6-E6 and for the PM2.5 metrics in Appendices 6-Fl to 6-F6. For each 
metric there is a statewide summary as well as a summary by air basin. For the PM25 AAM, 
the concentration data are shown in 2 pg/m3 and in 5 pg/m3 increments with the associated 
population exposed to concentrations within that range. For the PM2.5 EPDC and the three 
PM10 statistics, the concentration data are shown in 5 pg/m3 increments. An additional column 
is provided to indicate the percent of the population that is above the relevant standards. Table 
6.5 summarizes the results of the PM-I 0 statewide assessment. 
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Figures 6.55, 6.56 and 6.57 show the distributiot -I 

different ambient PM-I 0 concentration ranges. 

Statewide Population Exposure 
to Ambient PM10 for 

Annual Arithmetic Mean 

15 20 25 30 35 40 45 50 55 fig 65 70 75 
Upper PM10 Limit (uglm ) 

100% 
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60% -0 
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Statewide Population Exposure 
to Ambient PM10 for 

Annual Geometric Mean 
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of the statewide population exposed to 

Figure 6.55. Estimated 
percentages of the statewide 
population exposed to various 
annual arithmetic mean levels 
of ambient (outdoor) PMIO. 

Figure 6.56. Estimated 
percentages of the statewide 
population exposed to various 
annual geometric mean levels 
of ambient (outdoor) PMIO. 

Figure 6.57. Estimated 
percentages of the statewide 
population exposed to 
various 24-hour average 
levels of ambient (outdoor) 
PMIO. 
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The AAM statistics show that 57% of the statewide population is exposed. to’ ambient PM1 0 
concentrations over 30 pg/m3, while 33% is exposed between 20 and 30 pg/m3:The AGM 
statistics indicate 47% of the people in the State are exposed to annua! ambient PMlO levels 
between 15 and 30 pg/m3. Based on the EPDCs, essentially the whole State has PM10 levels 
exceeding the 24-hour State PM10 standard. 

The air basin statistics in Appendices 6-E1 to 6-E3 show that for the two forms of the PM10 
annual average, the percent of the population exposed to concentrations of 30 pg/m3 or more is 
highest in the South Coast (over 900/o), Salton Sea (over 90%) and San Joaquin Valley (over 
68%). San Diego follows with over 36% of its population exposed to annual PM10 levels 
exceeding the State annual PM10 standard. Based on AAMs, less than 12% of the population in 
the Great Basin Valleys, Mojave Desert, North Central Coast, South Central Coast, and 
Sacramento Valley are exposed to concentrations equal to or above 30 pg/m3. But, based on 
the AGMs, less than 8% of the population living in the Mojave Desert and San Joaquin Valley 
are exposed to PM10 levels over 30 pg/m3, while no one in Great Basin Valleys, North and 
South Central Coast is exposed over these levels. 

The 24-hour EPDC statistics show that essentially the entire State has PM10 levels exceeding 
the 24-hour State PM10 standard. Lake County is an exception, with its entire population 
exposed to concentrations below the current standard. Annual Geometric Mean values, show 
that about half of the State’s population is exposed to annual average PM10 concentrations 
over the current annual PM10 State standard of 30 pg/m3. A much larger fraction (90%) of the 
State’s population is exposed to annual average levels over the revised annual PM10 standard 
of 20 pg/m3, as shown by the Annual Arithmetic Mean statistics. A sizable portion of .the 
population‘ (36%. to 92%) in four air basins (Salton Sea, San Diego, San ‘Joaquiii Valley, and 
South Coast), 2% of the population in Sacramento, and 8% of the population in Mojave Desert 
is exposed to annual average PM1 0 concentrations over the current State annual PM10 
standard. In contrast, a significant fraction (23%-100%) of the total number of inhabitants in all 
air basins, with the exception of Lake County, are exposed to ambient PM10 levels over the 
revised annual State standard. The revised State annual PM10 standard would protect an 
additional 39% of the State population included in the study or 11 million persons over the 
current annual standard. 

Table 6.6 summarizes the results of the PM25 assessment. 
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Figures 6.58 and 6.59 show the distribution of the 
PM25 concentration ranges. 
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Figure 6.58. Estimated 
percentages of the statewide 
population exposed to various 
annual average of quarter 
mean levels of ambient 
(outdoor) PM2.5. 

Figure 6.59. Estimated 
percentages of the statewide 
population exposed’ to 
various 24-hour average 
levels of ambient (outdoor) 
PM2.5. 

The 24-hour EPDC statistics show that 80% of the Statewide population is exposed to PM25 
levels above the current federal 24-hour PM25 standard of 65 pg/m3, while 97% of the 
Statewide population is exposed to ambient PM2.5 concentrations over 25 pg/m3, the level of 
the new State 24-hour PM2.5 standard. The fraction of the population in the seven air basins 
with 24-hour EPDCs over 65 pg/m3 ranges from 7% in the Salton Sea to 100% in the South 
Coast. With the exception of bake County and Northeast Plateau, all air basins have at least 
20% of their population exposed to 24-hour concentrations over the new State 24-hour PM2.5 
standard. The new State 24-hour standard would protect an additional 16% of the population in 
the State (close to 3 million persons) over the protection offered by the current federal standard. 

Annual Mean statistics show that 61% of the statewide population corresponding to 11 million 
inhabitants (21%-98% in six air basins) is exposed to annual average PM2.5 concentrations 
over the current federal standard of 15 pg/m3. In contrast, 83% of the State’s population 
(15 million persons) is exposed to PM2.5 levels over the new State annual PM2.5 standard of 
12 pg/m3. In addition to the protection rendered by the current federal annual PM2.5 standard 
the new State annual standard would provide significant additional protection to people living in 
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the Mountain Counties, Salton Sea, San Francisco Bay Area, and the South Central Coast air 
basins. 

From the data presented in Appendices 6-El to 6-E3 and 6-Fl to 6-F2, we estimated.PMlO and 
PM25 annual and 24-hour population weighted concentrations for each air basin. We assumed 
that the population in a specific concentration bin is exposed to the midpoint concentration in 
that bin. Table 6.7 lists the results of the analysis for PMIO. 

The annual statistics show that in three air basins - South Coast, San Joaquin Valley, and 
Salton Sea - the basinwide population weighted annual geometric mean PM10 concentrations 
are above. 30 pg/m3. The Saiton Sea has the highest PM10 annual averages in the State 
(58 pg/m3). The South Coast (with an average of 37 pg/m3) and the San Joaquin Valley (with 
34.3 pg/m3) follow. With the exception of Great Basin Valleys and Lake County, all air basins 
have population weighted annual arithmetic means over 20 g/m3. 

The results of the 24-hour PM10 concentration analysis show that, with the exception of Lake 
County, the rest of the State has basinwide population weighted average EPDCs over 50 pg/m3. 
The desert areas - Great Basin Valleys and Salton Sea - have the highest EPDCs, around 300 
pg/m3. The South Coast and San Joaquin Air Basins follow, with EPDCs above 100 pg/m3. The 
rest of the air basins have EPDCs between 50 and 100 pg/m3. 

Table 6.7. Estimated Population Weighted Annual Means and 24-hour EPDC for PM10 

Air Basin 

Great Basin Valleys 

Lake County 

Lake Tatroe 

Popuiation Weighted Metrics for PM1 0 

Annual Annual Expected Peak 
Arithmetic Mean Geometric Mean Day Concentration 

(us/m”) (ug/m3) (us/m3) 

16.7 11.1 337.1 

10.8 9.2 40.8 

20.8 17.5 69.2 

Mountain Counties 
I 

23.0 
I 

15.8 
I 

86.4 
I 

San Joaquin Valley 39.5 34.3 158.8 

Salton Sea 70.2 58.0 299.9 

Sacramento Valley 24.5 21.0 100.6 

Statewide 33.1 30.0 100.4 

6-52 
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-Table 6.8 lists the population weighted statistics calculated for PM2.5. The PM2.5 annual means 
show that three air basins - South Coast ,- San Diego and San Joaquin Valley -have basinwide 
population weighted averages above 15 pg/m3, while three additional air basins - San 
Francisco Bay Area, Salton Sea and Sacramento Valley - have population weighted annuai 
measn over 12 pg/m3. 

Four air basins have population weighted average 24-hour EPDCs over 65 pg/m3. The San 
Joaquin Valley has the highest EPDC (132 pg/m3) of about twice the level of the standard, 
followed by the Sacramento Valley (93.1 pg/m3), South Coast (87 pg/m3), and San Francisco 
Bay Area (71 pg/m3). Seven additional air basins have population weighted EPDCs over 
25 pg/m3 

Table 6.8. Estimated Population Weighted Annual Means and 24-hour EPDC for PM25 

North Central Coast 

6.5 Characterization of Personal and Indoor Exposures 
6.5.j Personal PM Exposures 

Peoples’ actual exposures to PM, or their “personal exposures,” have been shown in numerous 
studies to differ notably from outdoor PM concentrations measured at ambient monitoring 
stations, and often are much higher than outdoor PM levels. This is primarily due to people’s 
close proximity to sources of PM throughout the day, especially PM sources inside of buildings, 
where people spend the large majority of their time. Personal PM exposures are estimated by 
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measuring pollutant concentrations in a person’s breathing zone, the area-near their nose and 
mouth, using portable instruments worn by the individuals:. Because people often spend time in 
enclosed environments close to PM sources such as smoking, cooking; and ‘cleaning activities, 
personal concentrations also are often higher than indoor PM concentrations measured at fixed 
locations in the indoor environment. The results of recent studies of personal and indoor 
concentrations of PM most relevant to understanding Californians’ exposures are presented in 
Table 6.9. and discussed below. 

The first major study to demonstrate personal PM concentrations above indoor and outdoor 
concentrations was the Particle Total Exposure Assessment Methodology (PTEAM) Study, 
conducted ‘in 1990 in Riverside, California. Investigators measured PM1 0 and PM25 for 12- 
hour daytime and nighttime periods in 178 homes during September to November. They found 
12-hour daytime personal PM1 0 concentrations to be about 50% higher than simultaneously 
measured daytime residential indoor or outdoor concentrations. Daytime personal 
concentrations averaged 150 pg/m3, while indoor and outdoor concentrations both averaged 
about 95 pg/m3 (Clayton et al. 1993, Ozkaynak et al. 1996a,b). Most importantly, 12-hour 
daytime personal PM10 concentrations exceeded the California 24-hour ambient air quality 
standard of 50 pg/m3 for about 90 percent of the monitoring days and exceeded the federal 
PM10 standard of 150 ljg/m3 for 25 percent of the monitoring days. During nighttime, personal 
PM10 concentrations decreased and were similar to concurrent indoor and outdoor 
concentrations (roughly 80 pg/m3), reflecting the importance of the proximity of people to PM 
sources during normal activities in determining personal exposure concentrations. 

The PTEAM study used a probability sampling design, in which study subjects were carefully 
chosen to ensure that the sampled population represented the city of Riverside as a whole. 
These types of studies are large and expensive, and therefore not frequently performed. Three 
other probability studies of personal PM levels have been performed since PTEAM; in two, 
investigators found higher personal concentrations than corresponding outdoor concentrations, 
while outdoor concentrations were not measured in the third study: In Toronto, the investigators 
found average personal and outdoor PM2.5 concentrations of 28 pg/m3 and 15 pg/m3, 
respectively (Pellizzari et al. 1999). For PMIO, average personal and outdoor concentrations 
were 68 ug/m3 and 24 pg/m3, respectively. In Basel, Switzerland, average personal and 
residential outdoor PM2.5 concentrations were measured at 24 pg/m3 and 19 pg/m3, 
respectively; for nonsmokers, average personal and residential outdoor concentrations were 
both 18 pg/m3, showing the large impact smoking can have on personal PM2.5 exposures 
(Oglesby et al. 2000). In Mexico City, personal PM10 concentrations, averaged 97 pg/m3, but 
no outdoor measurements were available for comparison (Santos-Burgoa et al. 1998). 

Many smaller-scale particle exposure studies that have not used probability sampling design 
have been performed, in both the general population and in populations sensitive to PM such as 
the elderly or patients with chronic obstructive pulmonary disease (COPD). Recent U.S. studies 
of personal PM10 and PM2.5 in which all or most of the study subjects were elderly and/or 
COPD patients include Evans et al. 2000, Linn et al. 1999, Rojas-Bracho et al. 2000, Samat et 
al. 2000, and Williams et al. 2000a,b,c. Like PTEAM, these smaller studies have also shown 
that personal exposures can be higher than simultaneously measured residential indoor and 
outdoor concentrations. 
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However, these studies of sensitive populations have generally shown smaller personal-outdoor 
or personal-ambient station differences than, those foun’d in the PTEAM study, and stronger 
correlations with ambient levels. This appears to be in part due to the reduced activity levels of 
many of the study subjects who have pre-existing lung disease (for example, fewer cleaning and 
cooking activities), as well as the use of longitudinal study designs (multi-day monitoring) which 
are more likely to reflect personal to outdoor relationships. These studies have also generally 
found smaller differences between personal and ambient levels for PM25 as compared to 
PMIO, and that correlations between ambient and personal levels are generally higher for 
PM25 than for PMIO. Notable exceptions exist, however, such as the results from two recent 
studies of -elderly subjects in Fresno, California and Baltimore, Maryland (Evans et al. 2000, 
Williams et al. 2000a,b,c) where personal levels were lower than ambient levels, on average. 
Also, another study of elderly subjects in Baltimore found a lower correlation between personal 
and ambient levels of PM25 than for PM10 (Samat et al. 2000). These results are likely 
explained by the reduced activity level of the study participants; seasonal differences in ambient 
levels, ventilation practices, local variability, and the presence or use of fewer indoor PM 
sources; and multi-day monitoring. 

There are few data available on personal PM25 concentrations in California, although non- 
smoking elderly subjects in Fresno (Howard-Reed, et al., 2000, Evans et al. 2000) and COPD 
patients in Los Angeles (Linn et al. 1999) have been studied. Because none of the PM25 
studies have used a probability-based design, and although much information is currently.being 
gathered about PM25 in California, the extent to which Californians’ personal exposures to 
PM25 are elevated above ambient concentrations is largely unknown. 

Because measured personal exposures to PM are often greater than estimates based on time- 
weighted averages of concurrent indoor and outdoor PM levels, researchers have identified a 
“personal cloud” of PM. It is thought that this “personal cloud” is due to an individual’s activities 
(which can generate or resuspend particles), their proximity to other activities that generate PM 
emissions, and their visits to non-monitored environments with elevated PM levels. Examples 
of activities that generate PM likely to contribute to elevated personal PM include smoking, 
cooking, cleaning, travel, some types of work, and playing on a carpeted floor. 

In several PM exposure studies, researchers have estimated the magnitude of the “personal 
cloud.” Wallace (2000a) reviewed several recent studies, and found that the personal cloud for 
PM10 for healthy persons, from children to the elderly, was often about 30 pg/m3, but it ranged 
from 3-67 pg/m3 among individuals. The personal cloud for PM25 was smaller, ranging from 6- 
27 pg/m3. The personal cloud for COPD patients in two studies was considerably smaller than 
that for the general population: 6-l 1 pg/m3 for PMIO, and about 6 pg/m3 for PM2.5; this 
reduction is probably attributable to the reduced level of personal activities of the study subjects, 
and the lack of significant indoor PM sources in their homes. 

The sources and composition of the personal clouds were not identified in these studies. 
Personal activities that resuspend particles from clothes, furnishings, and other surfaces may be 
an important source, in addition to the activities listed above. Recent studies have identified 
other factors that could affect the personal cloud composition and size fractions, such as the 
use of cosmetics and antiperspirants (Conner, et al., 2001) and the proximity and type of 
combustion sources such as incense burning and cooking (McBride et al. 1999; For-tmann et al. 
2001). 

In summary, in spite of the many studies cited, the ability to accurately estimate PM exposure 
concentrations for general populations, especially PM2.5 exposures, is still limited by the small 
number of probability design studies, the large amount of individual variability, and the limited 
seasonal coverage of the probability studies that have been conducted (which did not include 

p 
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the important seasonal variations in air exchange rates; U.S. EPA 2001)_ The PTEAM study 
remains the only major probability sampling PM exposure study cond.ucted i? the U.S. and still 
provides the most relevant California PM10 exposure data, although it essentially covered just 
one season in one city. Representative PM25 data for all Californians are lacking. 

6.5.2 Sources of indoor PM 

Indoor PM sources often increase particle concentrations inside a building above ambient 
concentrations, due to the trapping effect of the building shell. A key factor in the effectiveness 
of this trapping is the air exchange rate of the building, which tends to vary by season and is 
strongly affected by open windows and doors, mechanical ventilation, and building construction 
characteristics- 

Outdoor air infiltration and indoor combustion sources such as smoking and cooking are 
typically the greatest sources of indoor PM (Wallace 1996; Ozkaynak et al. 1996a,b; Brauer et 
al. 2000; Abt et al. 2000; Fortmann et al. 2001). For example, through source apportionment 
the PTEAM investigators estimated that, on average, about 76% of the indoor PM25 mass and 
66% of the indoor PM?0 mass originated outdoors. They also estimated-that, on average, 5% 
of PM25 and 4% of PM10 was attributed to tobacco smoking; 4% of PM2.5 and 5% of PM10 
was attributed to cooking; and 14% of PM2.5 and 26% of PM10 were from unexplained sources 
(Ozkaynak et al. 1996a). Abt et al. (2000) and Long et al. (2000) found that the relative 
contribution of outdoor PM to indoor levels varied by particle size, with outdoor air generally 
contributing a majority of the smaller particles (less than 0.5 micrometers) measured indoors, 
while indoor sources contributed more to the larger (2-10 micrometers) size fraction. Thus, 
reductions in outdoor PM levels can have a major effect on the indoor concentrations. 

For PTEAM homes with smokers, it was estimated that 30% of the PM25 mass and 24% of-the 
PM10 mass -&me from smoking. For’ homes in ‘which cooking occurred during the monitoring 
period, 25% of the PM2.5 and PM10 was estimated to come from the cooking activity 
(Ozkaynak 19966). These results are consistent with those found in many previous indoor 
studies that have examined the impact of cigarette smoking on indoor PM levels, and led to 
subsequent studies of indoor cooking emissions that have confirmed the high impact that some 
cooking methods can have on indoor and personal PM levels (Abt et al. 2000; Wallace 2000b; 
Brauer et al. 2000; Fortmann et al. 2001). In a study of a variety of cooking activities using gas 
and electric stoves in a test home in northern California, kitchen PM10 levels ranged to more 
than 1400 pg/m3 during frying, broiling, and baking activities (Fortmann et al., 2001). During use 
of the self-cleaning feature, oven cleaning resulted in kitchen PM10 levels up to 3661 pg/m3, 
and indoor PM25 ranged to 2032 pg/m3, while concurrent outdoor levels ranged only to 20 
pg/m3. The burning of wood, incense, and mosquito coils can also be important combustion 
sources of residential indoor PM, especially in the 2.5 pm size range and below (Brauer et al. 
2000; Lofroth et al. 1991). 

Physical generation or re-suspension of particles also can be an important PM source. Indoor 
surfaces such as carpets and draperies can attract and re-emit particles (Thatcher and Layton, 
1995, Kamens et al. 1991). Particle concentrations from carpets can be high even in homes 
where good cleaning practices are used, and the particles can become re-entrained in the 
indoor air when people walk or play on the carpeted surface (Wallace 2000a; Roberts and 
Dickey 1995; Abt et al. 2000, Vette et al. 2007). Track-in of particles on shoes and by children 
and pets has also been shown to contribute significantly to indoor particle concentrations in 
residences (Roberts and Dickey 1995, Thatcher and Layton 1995). House dust particles have 
been found to include vapors, metals, and semi-volatile chemicals of intermediate vapor 
pressures, such as pesticides and polycyclic aromatic hydrocarbons (Rothenberg et al. 1989; 
Roberts and Dickey 1995; Lewis et al. 1999; U.S. EPA, 1999) that have their own toxic 

m3 
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properties. These contaminants are often adsorbed onto the surfaces of house dust particles, 
and are available for t-e-emission. to the air and subsequent inhalation, and for dermal 
absorption and/or ingestion by children through floor contact and hand-to-mouth behavior 
(Lewis et al, 1994; Zartarian et al. 1998; Zartarian and Leckie, 1998). For toxics such as lead, 
floor dust levels can be a major determinant of exposure. 

- 

Biological contaminants such as fungi, bacteria, house dust mites, and pollen also can 
contribute to indoor particle concentrations, especially in buildings with moisture problems from 
flooding or roof leaks that have not been properly repaired. Many biological contaminants can 
trigger asthma attacks in sensitive individuals and cause other adverse health effects such as 
allergy symptoms, sinus and respiratory infections, headaches and irritant effects (NAS 1993; 
NAS 2000). Bioallergens, such as pollen, in outdoor air can also penetrate indoor spaces. Re- 
entrained road dust may be a particularly important source of bioallergens in both indoor and 
outdoor air (Miguel et al. 1998). 

6.53 Relation of Personal PM Concentrations with Ambient Concentrations 

Although much effort has been made to determine the relationship between outdoor and 
personal PM concentrations, no consistent predictive relationship has been found. Complicating 
factors include varying degrees of particle infiltration from outdoors, varying particle removal 
rates indoors, and the wide variety of peoples’ activities and proximity to sources. 

The complex relationships between personal exposures and outdoor concentrations are 
reflected in the variable correlations found between personal PM10 concentrations and ambient 
concentrations- Correlations (r) of personal PM1 0 concentrations with ambient concentrations in 
studies utilizing a cross-sectional study design (each individual monitored for one day), including 
PTEAM, have been low, ranging from 0 to about 0.3 (Dockery and. Spengler 1981, Sexton et al. 
1984a,b, Spengler et al. 1985, Lioy et al. 1990, Clayton et al. 1993, Ozkaynak et al. 1996b). In 
these studies, investigators have generally collected personal exposure samples over durations 
of 12 or 24 hours. 

However, for longitudinal studies with seven or more repeated measurements, correlations for a 
given subject between personal and outdoor concentrations are greater than for a cross section 
of subjects with a single measurement period (Wallace 1996, Wallace 2000a). Additionally, 
recent studies for PM25 have found stronger correlations for personal PM25 concentrations 
with outdoor particle concentrations than were found for PM10 in earlier PM10 studies. Rojas- 
Bracho et al. (2000) found that the median longitudinal Spearman correlation coefficient (r) 
between personal and outdoor PM25 concentrations for each individual over multiple days was 
0.61 in Boston. Median longitudinal Pearson correlations (r) were 0.25 and 0.76 for winter and 
summer, respectively, in Baltimore (Samat et al. 2000). Average Pearson correlation 
coefficients (r) between personal and outdoor PM2.5 concentrations were 0.41 and 0.84 for the 
winter and spring phases of study in Fresno, respectively (Evans et al. 2000), 0.26 during the 
fall and winter in Los Angeles (Linn et al. 1999), and 0.89 in Baltimore (Williams et al. 2000a,b). 
However, because most of these studies used elderly and/or ill subjects, the correlations may 
be greater than would be seen for healthy individuals. This appears to be due to the 
participants’ reduced rates of activities and mobility relative to the general population (see Table 
6.9 for a description of the demographic group observed in each study), the absence of major 
indoor PM sources, and increased operation of heating, cooling, and ventilation systems (which 
usually have air filtration) (Rodes et al. 2001; Williams et al. 2000a). 

Strong correlations between personal and outdoor concentrations have also been observed in 
two European studies. In their longitudinal study of 13 children in the Netherlands, Janssen et 
al. (1999) found longitudinal correlation coefficients between personal and outdoor PM10 of 
0.75 for all children and 0.84 for children not exposed to environmental tobacco smoke. 
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Correlation coefficients for PM25 w-. - 0~ 0.86 for a!l children and 0.92 when environmental 
tobacco smoke exposures were excluded. Personal concentrations averaged 28 ug/m3, while 
outdoor concentrations measured 17 pg/m3. In a study of elderly subjects with cardiovascular 
disease, the median Pearson correlation (r) for personal and outdoor PM25 was 0.79 in 
Amsterdam and 0.76 in Helsinki (Janssen et al. 2000). 

Bn spite of the complex relationship between personal and outdoor PM concentrations, studies 
have shown outdoor PM to be a consistent and important contributor to overall PM exposure. 
Analysis of the results of personal exposure studies have estimated average outdoor 
contributions to personal PM mass exposures ranging from about 50% to 64% for PM10 
(Qzkaynak et al. 1996a, Mage 1998) and to 75% or more for PM2.5 (Koutrakis et al. ‘I 992, 
Mage 1998). Mage (1999) also found that variations in personal exposures of persons with 
similar lifestyles and no exposure to tobacco smoke were driven by variations in ambient PM 
concentrations. The work of Mage et al. (1999) and Wilson et al. (2000) attempts to show that 
indoor and personal PM concentrations reflect the “superposition” of an ambient-derived indoor 
PM component, which tracks outdoor concentrations, and a more variable indoor-derived PM 
component, which does not. Sarnat et al. (2000) showed that personal-to-ambient concentration 
correlations improve greatly with increasing air exchange rates. Findings such as these help 
explain why mortality and morbidity effects seen in epidemiology studies have been linked to 
ambient PM concentrations despite the sometimes poor correlations between personal and 
outdoor concentrations for a given population on a given day, such as is reflected in cross- 
sectional studies. 

6.54 Contributions of Outdoor Sources of PM to Indoor Concentrations 

Outdoor particles enter buildings and. contribute to indoor concentrations. The rate at which 
particles infiltrate into indoor environments and the r&ii ‘of indoor to. outdoor concentratiins- are 
dependent on many factors, especially the air exchange rate ,of the building, the use of operable 
windows and doors, and the aerodynamic size of the particles. In addition, outdoor 
concentrations measured outside of or near the building where indoor measurements are taken 
can vary considerably in relation to corresponding ambient levels measured at stationary 
ambient monitoring stations, especially for PMAO at higher concentrations (Ozkaynak et al. 
19966) . 

Indoor PM10 concentrations in PTEAM were similar to nearby outdoor PM10 concentrations 
during the daytime, but slightly lower during the nighttime (Clayton et al. j993). Indoor PM25 
concentrations were similar to outdoor concentrations during the daytime, and lower during the 
nighttime. However, through source apportionment techniques, the PTEAM investigators 
estimated that, of the total indoor mass of particles, outdoor particles contributed 66% of the 
PM1 0 mass and 76% of the PM2.5 mass (Ozkaynak et al. 1996&b). 

Correlations (3) between indoor PM25 and nearby outdoor PM2.5 were estimated in studies of 
elderly subjects to be 0.93 (winter) and 0.75 (spring) in Fresno (Evans et al. 2000), and 0.96 in 
Baltimore (Williams et al. 2000a). In a study of four Boston homes with air exchange rates below 
1 .O hr -I, Abt et al. (2000) estimated that only 20-43 percent of indoor particles from 2-l 0 urn 
were from outdoors, while 63-92 percent of indoor PM from O-02-0.3 pm were from the 
outdoors. 

The outdoor-derived fraction of indoor PM is determined by several factors (e.g., air exchange 
rate, particle penetration, and deposition) and, under steady-state conditions, can be calculated 
from the following equation, assuming no indoor sources are present: 

Gut-in = GM I? a@ + k)l 
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where P is the particle penetration factor, a is the air exchange rate of the building, k is the 
particle deposition rate, Gout-in is the.concentration of partidleS of outdoor origi? in indoor air (i.e., 
those that have infiltrated indoors), and Gout is the concentration of particles in outdogr air. Both 
P and k are in large part dependent on particle size, making the solution to this equation 
dependent on the particle size fraction considered, except when a is high. The steady state 
modeling approach is shown here for simplicity, but dynamic modeling is generally needed 
because pollutant source emissions and ventilation are episodic and not constant. 

Air exchange rate is the rate at which the air in an indoor air space is exchanged with the same 
volume of outdoor air. In residential buildings, air exchange rates vary widely depending upon 
building ccinstruction, opening of windows and doors, wind-and fan-induced pressure changes, 
and seasonal changes. A number of investigators have reported air exchange rates for homes 
in California (Ozkaynak et al. 1996a,6, Sheldon et al. 1993, Wilson et al. 1993, Pellizzari et al. 
1999, Wilson et al. 1986). Representative values for the mean and standard deviation of air 
exchange rates in residential buildings in California have been estimated at 1.2 and 1.0, 
respectively, with a tog normal distribution (Air Resources Board, 19986), and have been 
measured as high as 5 or more air changes per hour. 

The penetration factor denotes, for a given volume of air that enters the building, the fraction of 
the outdoor contaminant mass that moves through the building shell to the indoor space without 
interception. For residential buildings, the main entry routes of outdoor air are open windows 
and doors, cracks in the building shell, aid mechanical ventilation systems such as swamp 
coolers, whole house fans, and central systems with substantial duct leakage. Penetration 
factors are calculated based on measurements of other parameters, mainly indoor and outdoor 
particle mass concentrations and air exchange rates, and can vary depending on the size 
fraction of PM being considered. The values of the penetration factor for PM25 in residences 
have generally been estimated in the range of 0.5 to 1.0 (Long et al. 2001; Suh et al. 1994, 
Koutrakis et al. 1992, Dockery and Spengler 1981, Ozkaynak et al. 1996b), with California 
studies showing penetration factors for PM2.5 and PM10 close to 1 .O (Ozkaynak et al. 19966; 
Thatcher and Layton 1995). More recent field studies have found differences in penetration 
efficiencies among particles of different sizes, with larger sizes showing reduced penetration 
(Abt et al. 2000; Vette et al. 2001; Long et al. 2001), especially under conditions of low air 
exchange. Laboratory studies with simulated penetration and infiltration scenarios have 
generally supported and complemented the field results, although. they are limited to leakage 
measurements (Mosley et al. 2001; Liu and Nazaroff 2001; ‘Thornburg et al. 2001). 

In public and commercial buildings, penetration depends on the size of the building, whether 
operable windows are present, and the presence or absence of a central HVAC system with 
filtration. A large, multi-story building with a central system and high efficiency filtration would 
generally have very low penetration and infiltration of particles of all sizes. At the other extreme, 
a small grocery or retail store with no central system and open windows and doors would be 
similar to many homes and have high penetration and infiltration due to the high air exchange, 
rate with little interception of particles (Air Resources Board, 19986). 

In the process of entering an indoor environment, particle concentrations may be reduced by 
various mechanisms, including deposition, transformation, decay, decomposition, and 
adsorption. The cumulative effect of these processes is reflected in the particle deposition 
(removal) rate. Typically, particles of larger aerodynamic diameter have higher deposition rates. 
Values for the particle deposition rate for California homes, estimated as part of the PTEAM 
study, were 0.39 hi’ for PM2.5 and 0.65 hi’ for PM1 0 (Ozkaynak et al. 1996b). Other 
investigators have found a wider range of deposition rates for particles of different aerodynamic 
size, with the lowest deposition rates shown by particles in the 0.1 to 1.0 micrometer range 
(Thatcher and Layton 1995; Long et al. 2001; and others). Additionally, the indoor furnishings 
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and material surfaces can affect deposition, with rough “fleecy” materials collecting particles 
more than smooth, slick surfaces. 

In summary, the contribution of outdoor PM to indoor PM concentrations can be substantial but 
highly variable. The transpon of outdoor PM into a building’s air volume and surfaces is very 
complex and varies greatly, depending on many factors through time for different particle size 
ranges. The indoor-outdoor relationships for PM also vary with outdoor PM concentrations, so 
that simple indoor-outdoor ratios do not reflect the true interrelationships. Using the PTEAM 
source apportionment results as an example from a large, population-based study in California, 
indoor PM can be expected to be comprised of about 2/3 and 3/4 outdoor PM10 and PM2.5, 
respectively. For elderly and ill persons in nursing homes, hospitals, or apartments, the outdoor 
PM contribution appears to be much less. The contribution of outdoor PM25 is generally 
greater than that for PM10 due to increased penetration. During cold weather periods, the 
outdoor PM contribution appears to be less due to reduced air exchange rates. The contribution 
of outdoor PM to indoor PM in public, commercial and multi-family buildings would be expected 
to be somewhat less than that for single-family residences due to outdoor air filtration by 
mechanical ventilation systems; however, representative data are lacking in this area. 

6.5.5 Indoor Concentrations in Public and Commercial Buildings 

Because adults and children in California typically spend about 62% and 75% of their time in 
their residence, respectively (Jenkins et al. 1992, Phillips et al. 1991), residences are the most 
important locations for overall PM exposure for most people. However, significant time-about 
25% on average--is also spent in other buildings, such as at work and school, so PM 
concentrations in these buildings are also important in estimating exposure to PM. 

PM concentrations in pubiic and commercial buildings appear to often be lower than ambient 
concentrations, but far fewer studies have been ‘conducted for public buildings than residences. 
Reasons for lower indoor PM concentrations in public and commercial buildings include the use 
of particle filters in mechanical ventilation systems, inoperable windows, reduced exterior 
surface to volume ratios, and the lack of many indoor sources typically present in residences. 
However, as with residences, the presence of indoor sources in public and commercial buildings 
can produce indoor concentrations that exceed concurrent ambient concentrations, especially if 
smoking is allowed in the building. The largest public and commercial building PM study to date 
was conducted in the Pacific Northwest for 38 commercial buildings (Turk et al. 198?). Buildings 
where smoking was prohibited averaged 19 pg/m3 PM3.5 indoors, the same as the outdoor 
level, while buildings where smoking was permitted averaged 70 pg/m3, notably higher than the 
outdoor level. (PM35 was measured as respirable PM or “RSP”). Sheldon et al. (1988) 
measured PM in six buildings in the eastern U.S., and found indoor PM concentrations generally 
lower than outdoors where there was no smoking, but much higher indoor concentrations where 
smoking was allowed (14 to 56 yg/m3versus 13 to 17 pg/m3 outdoors). 

Elevated PM concentrations can occur in other enclosed environments such as inside motor 
vehicles, but few studies have been conducted to examine such exposures- The most 
comprehensive study to date has been that of Rodes et al. (1998) conducted in Sacramento 
and Los Angeles. Real-time fine particle count concentrations and black carbon concentrations 
inside vehicles increased up to ten times the average roadway concentrations when following 
certain diesel vehicles. However, average PM mass concentrations inside the vehicle were 
similar to outdoor concentrations measured at the nearest ambient monitor, while roadway PM 
concentrations were somewhat higher. Average in-vehicle PM10 concentrations were about 27 
ug/m3 for Sacramento runs and 61 ug/m3 for Los Angeles as compared to 29 ug/m3 and 73 
pg/m3 at the nearest ambient stations, respectively. In-vehicle PM concentrations averaged 60 
to 80% of those concentrations measured just outside the vehicle, which reflected the elevated 
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roadway concentrations. In summary, it appeared the impact of traffic on PM exposures inside 
vehicles was small .with’ regard to total mass, although significant ,differences in traffic PM 
chemical composition and PM size distribution are probably present compared to ambient PM. 
Using carpool lanes appeared to reduce in-vehicle PM concentrations significantly, although 
carpool lanes were used in only two of the 29 two-hour runs. 

6.56 PM Exposures in Sensitive Subgroups 

Individuals with pre-existing respiratory disease, such as COPD and asthma, and pre-existing 
cardiovascular disease can be more susceptible to adverse effects from exposure to particulate 
pollutants. .Until recently, personal exposures of such groups to particles had not been 
measured. Only a few small, recent studies have been conducted to examine the PM25 
exposures of such groups. Elderly healthy persons and young children may also be more 
susceptible; the PM exposures of these subpopulations have been discussed earlier in this 
chapter. 

Rojas-Bracho et al. (2000) and Linn et al. (1999) have repotted on PM1 0 and PM25 exposures 
for individuals with COPD. Rojas-Bracho et al. found that mean personal PM10 and PM2.5 
concentrations were 67% and 52% above outdoor PM10 and PM2.5 concentrations, 
respectively, for 18 COPD patients in Boston. (PM10 and PM2.5 concentrations were 22 and 14 
pg/m3 outdoors, 32 and 18 pg/m3 indoors, and 37 and 22 pg/m3 personal, respectively). 
Personal-to-ambient concentration median longitudinal correlations were moderate with better 
correlation observed for PM2.5 (r-0.61) than for PM10 (t-=0.35) or for PM2.510 (1=0.35). The 
authors attribute this to the higher deposition rate of PM2.5-10 compared to that for PM2.5. The 
authors also found personal-to-outdoor concentration ratios to be high (i.e., greater than 3) 
when air exchange rates were low (less than one exchange per hour). Overall, this study found 
similar results to those of other studies for healthy adults except PM concentrations were lower. 

Linn et al. monitored 15 COPD patients for PM25 exposures and i5 for PM10 exposures in Los 
Angeles during the fall and winter. PM10 and PM2.5 mean concentrations were 40 and 25 
pg/m3 for outdoors, 33 and 24 pg/m3 for indoors, and 35 and 24 pg/m3 for personal. The 
personal and indoor PM levels are similar to those discussed above for the Rojas-Bracho et al. 
study of COPD, although the outdoor PM levels in Los Angeles were higher. Unlike other 
studies, this study did not find personal concentrations to be significantly higher than indoors or 
outdoors. The authors suggest that the lack of increased personal PM in these subjects with 
severe COPD may be due to less personal activity, less time spent outside of the home; less 
personal particle generation, and failure to keep the personal monitor in their personal 
environment at all times. The pooled correlation of personal PM concentrations to ambient PM 
concentrations at a monitoring station (some of which were distant from the subject’s home) 
were quite low (? c 0.1). Daily indoor FM levels tracked PM levels outside the home more 
closely (? =0.27 for PMIO, r?=O.l9 for PM2.5); presumably personal PM levels had similar 
correlations, because they correlated very closely with indoor PM levels. 

Lillquist et al. (1998) reported indoor and outdoor PM10 measurements in three Utah hospitals 
over one winter season. Significant variability in indoor PM levels was found both among room 
types and among hospitals, and the relationship between indoor PM10 levels and outdoor levels 
was highly variable. The ICUs had significantly lower PM10 levels than other types of rooms, 
after adjusting for hospital differences. Thus, the most critically ill individuals may experience 
some protection in hospitals from ambient PM; however, in general, hospitals do not offer 
regular protection from ambient PM. 

Two studies nearing completion will add significantly to our understanding of Californians’ 
exposures to PM in both sensitive subpopulations and healthy persons. Conducted by the 
Harvard School of Public Health, both studies are designed to longitudinally examine the 
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reiationships between outdoor and indoor concentrations and personal exposures across 
different seasons. The first of the two studies is examining PM exposures of a group of 15 
individuals with COPD in Los Angeles. This study will provide information on how 24-hour 
average PM10 and PM2.5 mass, elemental carbon, particulate nitrate, and elemental 
concentrations vary by season, individual, and subject activity. The second study uses a similar 
design for a group of healthy persons, though it involves even more detailed characterizations of 
the PM levels and ventilation characteristics of the subject’s homes, and focuses on determining 
the contribution of outdoor concentrations to personal exposures. The results from these two 
studies are expected to provide important new information on the relationships between outdoor 
and indoor.concentrations as well as personal exposures for several components of PM, for 
both COPD patients and healthy persons in California. 

6.5.7 Summary 

Ambient PM is usually the major contributor to indoor and personal PM exposure, especially 
when few indoor sources are present. However, the relationships between indoor and ambient 
concentrations and personal and ambient PM concentrations are complex, and correlations 
between total PM mass concentrations in different microenvironments are sometimes low. 
People’s use of, or proximity to, sources of PM, such as indoor cooking and cigarette smoke, 
typically results in higher personal exposure levels than indoor and ambient levels measured 
concurrently by stationary monitors. Indoor sources of PM such as cooking, tobacco smoke, and 
cleaning activities such as vacuuming often contribute to ‘elevated indoor concentrations as well. 
investigators have generally found somewhat greater correlations between personal and 
ambient PM concentrations for single individuals studied over several days as compared to 
single day analyses for more individuals, and for elderly or ill individuals with more limited 
activities and few indoor sources. Correlations also tend to be greater for PM25 than for PMIO, 
in’ part becauSe of increased penetration and reduced deposition rates “indoors for smalier 
particles. However, there remains much uncertainty in the current understanding of these 
relationships. 
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The Chiidren’s Environmenta! Health Protection Act (Senate Bill 25, Senator Martha Escutia, 
Stats. ?999, Ch. 731) required the ARB, in consultation with QEHHA, to “review all existing 
health-based ambient air quality standards (AAQS) to determine whether, based on public 
health, scientific literature, and exposure pattern data, these standards adequately protect the 
health of the public, including infants and children, with an adequate margin of safety.” Of 
those AAQS identified as providing insufficient public health protection, S5 25 requires the 
ARB to revise the highest priority standard by December 31, 2002. Last year QEHHA staff, 
assisted by six academic air pollution researchers, undertook a critical review of the health 
impacts of exposure to the regulated pollutants, and categorized the latter into two tiers, with 
the first representing greater potential risks to public health at the concentrations of the 
current AAQS. Of the first-tier standards, OEHHA identified the AAQS for particulate matter 
as the highest priority pollutant, and recommended to the ARB that this standard be the first 
to consider for a more thorough evaluation and possible revision. This decision was based on 
the evidence in the literature of health effects, including mortality and morbidity in infants, 
children, the elderly and other potentially sensitive subgroups, associated with particulate 
matter at or below the current state standards. The ARB accepted the recommendation by 
OEHHA staff at the Board Meeting held in December 2000. 

This chapter contains a targeted, critical review by OEHHA staff of the research relevant to 
setting the standard(s) for the particulate matter AAQS for California. Beginning with 
deposition, clearance and dosimetry of particles (section 7.1), the review focuses primarily on 
epidemiologic-al studies of mortality associated with both acute and chronic exposure to PM 
(sections 7.2, 7.3 and 7.4), as well as morbidity outcomes (sections 7.5 and 7.6). This review 
of the most pertinent literature is followed by discussidns of susceptible subpopulations 
(section 7.7), plausible biological and toxicological mechanisms underlying the 
epidemiological observations (section 7.8), and causal inference regarding the associations 
between ambient PM concentrations and increased morbidity and mortality (section 7.9). The 
OEHHA staff recommendations for revision of California’s AAQS for PM are provided in 
section 7.10). 

In brief, OEHHA staff recommends that the current PM10 standards be revised. There are 
compeiiing reasons to be concerned about significant adverse health effects associated with. 
ongoing exposures occurring at or below concentrations prescribed by the existing standards. 
Recommended changes include: 

* Revise the annual average standard for PM10 from 30 to 20 pg/m3. 

* Retain the 24”hour standard for PM3 0 of 50 pg/m3, not to be exceeded. 

l Add an annual average standard for PM25 of 12 pg/m3, given growing evidence from 
epidemiological and toxicological studies of significant toxicity related to this size fraction 
of PM. 

e Establish a 24-hour standard for PM25 of 25 pg/m3, not to be exceeded. 

0 Retain the current 24-hour average standard of 25 pg/m3 for sulfates. 

Q Prevent degradation of current ambient air concentrations, measured as PM10 or PM25 

7.1 Particle Deposition, Clearance and Dosimetry 

For particles to exert any biological effect, they must first come into contact with the target 
organ tissue: for purposes of this document, the initial target organ of concern is the 
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respiratory tract. In general; particles IO pm ,or less in diameter are considered respirable by 
humans. The depth of penetration into the Iung.and extent .of deposition are determined by a 
particle’s aerodynamic diameter, its ability to attract water (hygroscopicity), electrostatic 
charge, and by host characteristics, including airway structure and geometry, as well as 
depth, rate and mode of breathing (e.g., nasal vs. oronasal). Many inhaled particles are 
exhaled without depositing in the respiratory tract; the theoretical particle diameter for minimal 
deposition is about 0.5 pm. In general, for particles with diameters greater than 0.5 and less 
than IO pm, increasing size is associated with greater total lung deposition, while for particles 
with diameter less than 0.5 pm deposition is inversely related to particle size. Soluble particles 
can be cleared by dissolution into the extracellular fluid lining the airways, with subsequent 
transport into epithelial or other cells of the respiratory tract, and then into the circulation. 
Insoluble particles are cleared by more complex mechanisms, as described below. 

7.1 .I Deposition 

The respiratory tract is often considered to consist of three anatomically and functionally 
distinct units: (a) the extra-thoracic (ET - from the mouth and nose to the larynx); (b) the 
trachea-bronchial (TB - from the larynx through the conducting airways; and (c) the alveolar 
(AL -the gas exchange zone). In general, more serious pollution-related health outcomes are 
related to effects in the TB and AL regions. The patterns of particle deposition in the 
respiratory tract do not, however, correspond well to the categories used to classify particles 
for regulatory purposes (PMIO, fine (PM2.5) and coarse (PM10 - PM2.5) fractions). 
Generally, larger particles demonstrate a greater fractional deposition in the ET and upper TB 
areas, while smaller particles show greater deposition in the deep lung (lower TB and AL). 
These regional patterns reflect principally the mechanisms: of deposition that differentially 
influence particles by size. 

Mechanisms of nonfibrous particle deposition include: (i) gravitational settling, for particles 
more dense than air; (ii) impaction on the wall of a bronchus or bronchiole, due to inertia 
maintained when the airstream changes direction at an anatomical bend or bifurcation; (iii) 
diffusion related to Brownian motion; and (iv) electrostatic attraction, which is generally 
considered of lesser importance than the other three. Settling and diffusion are more 
important for particles less than about 3 pm, while inertial impaction generally affects larger 
particles, particularly in the ET and upper TB area (Foster, 1999). For ultrafine particles (with 
diameters ~0.1 pm in diameter), diffusion represents the dominant mode.of deposition. . 

The ET region and especially the nose effectively filter out a large fraction of inhaled particles, 
mainly those above 1 pm in diameter, but also including ultrafine particles. In general, inertial 
impaction predominates in the ET region, so increasing particle size and increasing flow rates 
will tend to increase particle deposition. However, fractional deposition of ultrafine particles 
(inhaled at flow rates between 5.9 and 22 liters/min) in the nose has also been reported to be 
very high (in excess of 93%) (Swift and Strong, 1996). 

In the TB and AL areas, increased depth of breathing tends to enhance the deposition of fine 
particles, while an increased respiratory rate has the opposite effect (Foster, 1999). Exercise 
and increased respiratory rates also tend to result in greater deposition in larger, central 
airways, and less in the AL region (Foster, 1999). Using inert particles 1, 3, and 5 pm in 
diameter, Kim et al. (1996) showed that, even in healthy adults, there is striking heterogeneity 
of deposition patterns, with airway surface doses 2 to 16.6 times greater in large airways and 
up to 4.5 times greater in small airways than in the alveolar region for larger (3 and 5 pm) 
particles. A similar, but less pronounced, pattern was also observed for particles of 1 pm 
diameter. Heterogeneous local particle dose enhancement may also be important among 
individuals with obstructive lung disease (see below). 
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Among healthy adults, airway caliber (measured by specific airway resistance) appears to be 
an important determinant of particle deposition,, with a genera’lly inverse relationship between 
airway diameter and deposition efficiency (Bennett et al., 1996). This may result from the 
decreased cross-sectional distance that particles have to traverse (by inertial velocity, 
gravitational settling, or diffusion) before depositing. Women tended to display a greater 
deposition fraction than men (perhaps because of a smaller respiratory tract anatomy overall). 
Nevertheless, because men breathed more rapidly than women, they showed a greater 
deposition of particles per unit time, though the difference was slight when normalized to lung 
surface area. However, under controlled breathing conditions, women tend to display greater 
deposition ofcoarse particles, defined here as those with 3 and 5 pm in diameter, throughout 
the lung, particularly in the ET and TB regions (Kim and Hu, 1998). Bennett and colleagues 
(1996) also found that the deposition fraction of inert fine particles, defined here as those with 
2 pm in diameter, was independent of age among 62 healthy adults (ages 18 - 80), which 
suggests that among elderly individuals, pre-existing lung disease may be more important 
than age per se with respect to respiratory tract deposition (see below). 

individuals with asthma and chronic obstructive iung disease experience greater fractionai 
deposition of fine particles, defined here as those with 1 pm in diameter, than individuals with 
healthy, normal lungs, with the degree of particle retention roughly proportionate to the 
severity of airway obstruction (Kim and Kang, 1997). Adult subjects with asthma or COPD 
showed approximately 1.6- and 2.0-fold greater fractional deposition, respectively, of fine 
particles than healthy subjects (Kim and Kang, 1997). Anderson et al. (q990) showed a 
similar increase in deposition efficiency of fine and ultrafine particles, defined here as those 
with 0.02 - 0.24 pm in diameter, in several individuals with asthma and COPD relative to 
healthy subjects. This study also included 3 individuals with restrictive lung disease 
(characterized. by turrg- fibrosis’ or scarring-);- these subjects~~dsmonstrated particle. deposition 
patterns similar to healthy individuals. The enhanced deposition of particles in-individuals with 
chronic obstructive lung disease is likely to have at least four physiological bases: (1) 
narrowed airways result in increased deposition by inertial impaction; (2) relatively low 
expiratory flow rates and even airway collapse during expiration allow for longer particle 
residence time in the lung, favoring deposition of fine and ultrafine particles by diffusion; (3) 
mucus hypersecretion may cause airflow irregularities that can enhance particle deposition; 
and (4) uneven ventilation related to airway obstruction may result in deeper particle 
penetration into those areas of the lung that are still ventilated and ,functional (Kim and Kang, 
1997). 

In such individuals, one can observe focal hyperdeposition of particles, often in sites of airflow 
limitation in central airways, even when nominal ambient particle concentrations are relatively 
low (Foster, 1999). Ainnray hyperresponsiveness, which is one of the hallmarks of asthma but 
can also occur in otherwise healthy individuals, is likewise associated with enhanced 
regionalization of deposition to the central airways (Foster, 1999). This may exaggerate the 
patterns of local deposition enhancement observed in healthy individuals (Kim et al., 1996, 
see discussion above). The work of Kim and Kang (1997) indicates that such dose 
amplification can occur because individuals with obstructive lung disease: (1) ventilate only a 
portion of their lungs, (2) experience increased deposition compared with healthy individuals, 
and (3) if symptomatic, tend to have increased minute ventilation. Assessing these factors 
together, Kim and Kang (1997) estimate that such individuals may have more than three-fold 
greater total lung deposition than healthy subjects, with this enhanced deposition 
concentrated in small areas of the lung. 

One group of investigators modeled short-term particle deposition in various regions of the 
respiratory tract using a dosimetry model developed by the International Committee on 
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Radiological Protection (Snipes et al., 1997). They identified, large differences in deposition 
between the ET, TB and AL regions- Daily deposition of all particle sizes was estimated to be 
greater (by one to three orders of magnitude) in the TB compared with the AL region For 
instance, using aerosol size distributions corresponding to those of Philadelphia (favohng the 
fine mode) and Phoenix (favoring the coarse mode), and assuming inhalation for 24 hr/day, 7 
days/week of 50 pg/m3, they predicted that the daily mass of particles deposited per gram of 
epithelial tissue/day to range from 0.47 to 1.8 p.g in the TB region and 1 to 34 ng in the AL (or 
in their model the alveolar-interstitial or Al region). The predicted mass deposited per unit of 
epithelial tissue surface area under similar simulated exposure conditions was much lower, 
ranging from. 0.9 to 3.5 rig/cm* in the TB area and 0.78 to 25 pg/cm’ in the Al region. 
Examining predicted dose/unit surface area in terms of particle number suggested daily 
deposition of up to 100,000 particles/cm* (in the fine mode) in the TB region. 

Results of the deposition modeling forming the basis for the report by Snipes et al. (1997) are 
presented in slightly different form in the 1996 U.S. EPA Criteria Document for particulate 
matter (U.S. EPA, 4996; vol II, chapter 10). For instance, using the same inhalational 
assumptions as noted in the previous paragraph for normal adult males in the general 
population exposed to the Phoenix aerosol, the model predicted daily deposition of 2 and 6 
pg/day of fine and coarse mode particles, respectively, in the bronchi, 3 (fine) and 4 (coarse) 
pg/day in the bronchioles, and 17 (fine) and 12 (coarse) in the alveolar region. Particle doses 
were estimated to increase substantially in all zones. of the lower respiratory tract among 
“mouth breathers”: 5, 5, .and 27 for fine mode and 31,12, and 30 pg/day for coarse mode 
doses in the bronchi, bronchioles, and alveolar regions, respectively (U.S. EPA, 1996). 
Higher doses were also predicted to occur as a result of light or heavy work (involving 
increased breathing rates). Somewhat lower doses were estimated to result from exposure to 
a Philadelphia-like aerosol, which is characterized by a particle distribution favoring smaller 
particles. The model employed in these deposition exercises is based on average doses and 
does not take into account the potential impacts of age, gender, disease states or inter- 
individual variations in anatomy, ventilation patterns, short-term peak exposures, and so forth. 
Nonetheless, this report suggests the likelihood of significant particle deposition in the lung 
from ambient PM exposures, especially within the TB region- While many particles will be 
cleared from the lung, some remain in the airways, interstitium and lymph nodes for 
prolonged periods of time, as discussed below. 

7.1.2 Clearance 

The localization of deposition in the lung will affect the rate, mode, and completeness of 
clearance. Soluble particles are cleared from the respiratory tract by absorption into 
extracellular fluids or mucus, then to epithelial cells, from which they can pass into the 
circulation (Foster, 1999). Insoluble ultrafine particles can also be taken up into the respiratory 
epithelium and have recently been reported to enter the blood of humans within minutes of 
inhalation, suggesting a potential route for the rapid initiation of systemic particle-related 
effects (Ferin el al., 1992; Nemmar et al., 2001). However, in general, insoluble particles have 
been considered to be cleared in two phases: (1) a faster TB phase considered to be more or 
less complete within 24 - 36 hours, which is effected by mucociliary activity; (2) a more 
prolonged phase, which can continue for days to months, which is considered to be mediated 
via engulfment by alveolar macrophages for particles depositing in the deep lung (Foster, 
1999). 

The ciliated airways in the TB region are covered by a thin two-fluid liquid; the upper mucous 
layer traps particles and transports them up to the throat, propelled by ciliary beating in the 
lower layer. Upon reaching the oropharynx, the mucus containing the particles is usually 
swallowed or expectorated. Carnage on the mucociliary “escalator” is the principal 
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mechanism of the “‘fast” phase; mucociliary transport rates are generally fastest in the trachea 
and large bronchi. Some particles may be.engulfed by maciophages in the ,airways, which 
can then be transported on the mucociliary escalator. However, these processes are not 
universally successful; some insoluble particles cross into the airway epithelium and enter the 
lung interstitium (Ferin et al., 1992; Churg and Brauer, 1997). 

The slow clearance phase has traditionally been considered to affect particles that deposit 
deep in the lung, beyond the ciliated epithelium. Recent evidence, however, indicates that a 
substantial fraction of particles depositing in the TB region, particularly the bronchioles, are 
not cleared for days (Falk et al., 1999; U.S. EPA, 1996). Falk et al. (1999) followed the long- 
term clearance (over a 6-month period) of 6 pm radiolabelled Teflon particles inhaled at 0.5 or 
0.05 I/s by human volunteers. The slow inhalation rate facilitates particle deposition that is 
nearly independent of airway resistance, allowing for greater deposition in the bronchioles. 
About half the deposited particles remained in the lungs after 24 hr. At inhafation rate of 0.5 
I/s, 14% of the particles that had not cleared by 24 hr showed a clearance half-time of 3.7 
days, while the remaining 86% demonstrated a clearance half-time of 217 days. Of the 
particies retained at 24 hr after slow inhalation (0.05 /is), 35% cleared with a half-tie of 3.6 
days, while the remaining 65% showed a half-time of 170 days (Falk et al., 1999). Thus, for 
both slow and normal modes of inhalation, there appear to be three phases of clearance: an 
initial fast phase (1. 24 hr), an intermediate phase (tl/? = 4 days), and a slow phase (tX = 200 
days). These investigators assumed that the intermediate phase represented clearance from 
the bronchiolar region, while the slow phase represented clearance from the AL region. 

Alveolar macrophages are the principal clearance vehicle in the AL region. Particle-containing 
macrophages can make their way to the mucociliaty escalator, move to a lymphatic channel 
within the interstitium to regionat lymph nodes, or cro$s into~ the circulation, either after 
passing ‘through-the lymph node or possibly by direct entiy’into the blood-across ttie alveolar 
capillary endothelium. However, as noted above, clearance processes are not 100% effective: 
numerous particles are translocated into the epithelium and interstitium (often within hours of 
deposition), where they may become aggregated in specific sites around the airways or blood 
vessels. Lymph nodes can become storage depots for particles, as well. 

Once in the interstitium, particles tend to stay there; clearance is extremely slow, on the order 
of months to decades. Particle access to the lung interstitium increases as particle size 
decreases and particle numbers increase (Ferin et ai., 1992). in an examination of autopsy 
lung tissues of elderly, never-smoking residents of Vancouver (a city with relatively low levels 
of particulate air pollution; mean PM10 from 1984 - 1993 = 20 - 25 pg/m3), Churg and Brauer 
(1997) found that 96% of particles retained in the lung parenchyma had (calculated) 
aerodynamic diameters < 2.5 pm, with a geometric mean of 0.41 p. while coarse and ultrafine 
particles comprised 4.0 and 4.8%, respectively of the total. Investigating the size and 
composition of particles retained in the airways among residents of Mexico City as well as 
Vancouver, Churg and Brauer (2000) found strikingly large numbers of particles (roughly 
lO’/g dry lung tissue), with generally increasing quantities proceeding from the mainstem 
bronchus to the deep lung. The highest concentrations, with particle numbers 25-100 times 
higher than along the mainstem bronchus, were in the respiratory bronchioles (at the junction 
between the conducting airways and the alveoli) and at large airway czarinas (anatomic 
bifurcations of the airways). in addition, there were enormous differences (up to several 
hundred-fold) in particle retention among the study subjects, probably reflecting inter- 
individual variability in clearance rates. 

Exposure to respiratory irritants can stimulate epithelial, sensory neural, and other airway 
cells to release cytokines and other chemical messengers, and can result in local 
inflammation, altered epithelial permeability, increased mucus secretion, and 
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bronchoconstriction. Disease states characterized by mucus hypersecretion and disruption of 
the normal epithelial architecture (e.g., asthma and chronic bronchitis) can produce mucus 
stasis and adversely affect particle clearance (Foster, 11999). As alveolar macrophages. engulf 
substantial quantities of particles, their viability and functional integrity can be adversely 
affected by PM exposures, which have been attributed in part to soluble metal-induced 
oxidative stress (Soukup and Becker, 2001). Effects on alveolar macrophages may not be 
limited to fine and ultrafine particles. Kleinman et al. (1995) demonstrated that essential 
alveolar macrophage functions (phagocytosis and oxidant generation) can be inhibited by 
coarse particles in re-suspended road dust. In vitro experiments suggest that, in addition to 
decreasing ajveolar macrophage phagocytosis, PM10 exposure appears to reduce resistance 
to infection with respiratory syncytial virus (Becker and Soukup, 1999). Recent work suggests 
also that ultrafine particle uptake by human alveolar macrophages is common (observed in 
macrophages obtained from all 14 subjects), and that there may be an inverse relationship 
between lung function and the extent of ultrafine particle content of alveolar macrophages 
(Hauser et al., 2001). 

Mucociliary clearance can be affected by exposure to acidic aerosols (Schlesinger et al., 
1992). In humans, mucociliary clearance has been shown to be depressed following 
exposures to approximately 100 pg/m3 sulfuric acid particles for one to two hours (Spektor et 
al., 1989). In contrast, depression of mucociliary clearance in animals requires concentrations 
greater than 100 pg/m3 delivered over several hours or even months (U.S. EPA, 1989; Mautz 
et al., 1996; Kleinman et al., 1999). Altered mucociliary clearance in humans has the potential 
to affect the incidence of respiratory infection in healthy, as well as compromised, subjects. 

7.1.3 Differences between Children and Adults 

There are significant anatomic and physiological differences between the developing lungs of 
children and those of mature adults (Snodgrass, 1992). These include differences in the size 
and shape of the conducting airways, the number and orientation of physiologically active gas 
exchange regions, and ventilation rates. Though the basic structure of the airways is 
established in utero, most of the alveoli (- 85%) develop in infancy and early childhood. 
Alveolar multiplication coincides with incorporation of elastin and collagen in the lung, which 
are responsible for the mature lung’s mechanical properties (Lipsett, 1995). With growth and 
development other patterns of anatomical differences emerge. For instance, TB airways 
increase in diameter and length until adulthood. Lung volume expands disproportionately in 
relation to the increasing number of alveoli during somatic growth, indicating enlargement of 
individual alveoli (Murray, 1986). Repeated episodes of PM-related injury and inflammation 
may therefore have long-term consequences on the lung’s functional abilities (see section 
7.6, below). 

Because of differences in anatomy, activity, and ventilation patterns, children are likely to 
inhale and retain larger quantities of pollutants per unit body weight than adults (Adams, 
1993). Phalen et al. (1985) developed a model incorporating airway dimensions measured in 
lung casts of people (aged 11 days to 21 years) to predict that particle deposition efficiency 
would be inversely related to body size, which would tend to accentuate differences. in 
exposure related to activity and ventilation patterns. Corroborative evidence for this was 
provided by Oldham et al. (1997) who found that in models of the proximal TB airways (i.e., 
the trachea and the first two bronchial bifurcations) of 4- and 7-year-old children and an adult, 
deposition efficiencies for radiolabelled particles 1.2, 4.5, 9.7 and 15.4 pm in median 
aerodynamic diameter were greater in the child models in almost all cases. As expected, 
particle deposition efficiency increased markedly with increasing particle size in this model 
system. For instance, in the model of the four-year-old child, the deposition efficiency 

l r* 
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increased from 0.3% to ?0.7% when the smallest and largest particle sizes were used, 
respectively. 

Inhalation experiments comparing particle deposition patterns in children and adults have 
produced somewhat inconsistent results. Schiller-Scotland et al. (1994) reported greater 
fractional deposition in healthy children, aged 3 - 14 years, compared with adults, when 
breathing 1, 2 or 3 pm particles spontaneously through a mouthpiece. The differences were 
greater with the larger particles. However, as noted by the authors, these children were 
breathing more deeply than expected, which is a common tendency when breathing through a 
mouthpiece. This propensity may result in greater time-dependent deposition of fine particles 
(by sedimentation and diffusion). Schiller-Scotland et al. (1994) also noted that, among the 
older children (mean age = 10.9 years) who were capable of controlled breathing in time with 
a metronome, particle deposition was inversely related to body height, so that the shorter 
children demonstrated greater fractional deposition (for 1 and 2 pm particles, the only 
categories analyzed in this manner). In contrast, Bennett and Zeman (1998) ,found no 
significant differences between children (7 - 14 yr), adolescents (14 to 18 yr), and young 
adults (q9 - 35 yr) in deposition (measured as deposition fraction or ratej of 2 pm paliicles 
during spontaneous breathing at rest. Unlike the study by Schilier-Scotland et al. (1994), this 
investigation tailored the participants’ mouthpiece breathing patterns to those measured 
during unencumbered breathing, in order to control for the tendency to breathe more deeply 
through a mouthpiece; Another difference between the study by Bennett and Zeman (1998) 
and that by Schiller-Scotland et al. (1994) is that the former did not include very young 
children, who would have had difficulty in mimicking their normal breathing patterns while 
using a mouthpiece. However, Schiller Scotland et al. (1994) found that older children (mean 

age = 10.9 years) as well as the younger ones (mean age .= 5.3 years) also showed 
increased fractional p&We ,deposition r&tive to adults. 

Children demonstrate lower absolute minute ventilation at rest than adults, despite having 
higher breathing rates. Relative to lung volume, however, children demonstrate a higher 
minute ventilation than adults. Thus, Bennett and Zeman (1998) noted that children tended to 
have a somewhat greater normalized deposition rate (by about 35%) than the combined 
group of adolescents and adults, suggesting that children at rest would receive higher doses 
of particles per unit of lung surface area than adults. This tendency might be additionally 
enhanced by activity patterns, as children spend more time than adults in activities requiring 
elevated ventilation rates. However, it is unknown whether flow-dependent deposition 
mechanisms operative at higher ventilation rates in children would offset the decreases that 
would occur in time-dependent mechanisms (sedimentation and diffusion). If this offset does 
occur, then particle deposition would likely be shifted more towards the larger, more central 
airways, which would tend to increase the dose per surface area in children versus adults 
(Bennett and Zeman, 1998). 

The above studies suggest that children may experience proportionately greater particle 
deposition than adults. It is also possible that, especially in very young children, immature 
respiratory defenses may result in lower clearance rates in relation to those observed in 
adults. For instance, Sherman et al. (1977) reported that alveolar macrophages of neonatal 
rabbits (1 day old) ingested significantly fewer bacteria than older animals (7 days). To the 
extent that this phenomenon may also apply across species and to nonbiological particles, 
the immaturity of the neonatal human lung may result in slower and less complete particle 
clearance. 
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7.2 Overview: Epidemiological Studies ,of Airborne - Particulate 
Matter 

Particulate matter (PM) is a heterogeneous, complex mixture of liquid and solid particle sizes 
and chemicals; thus, it has been difficult to conduct animal or human clinical studies using 
mixtures found in ambient air. Until the recent development of ambient air particle 
concentrators, toxicological and controlled human experiments involving PM have generally 
used simple model particles (e.g., sulfuric acid) or mixtures taken from a single source (e.g., 
diesel exhaust or residual oil fly ash). In contrast, some health effects of gaseous pollutants 
can be studied directly using controlled concentrations in chamber experiments. Therefore, 
most of the health evidence on PM has been derived from observational epidemiological 
studies of human populations in a variety of geographic (principally urban) locations. Most of 
the studies have examined short-term or acute health consequences of PM exposure on 
health (i.e., those occurring on the same day as or within a few days of the exposures of 
interest), including both mortality and morbidity. Studies of the acute effects of PM exposure 
typically involve daily time-series observations collected over several months or years. The 
studies often examine whether daily counts of mortality or cause-specific hospitalizations are 
correlated with daily concentrations of PM, after controlling for effects of other covariates and 
potential confounders. Such factors may include temporal and meteorological variables, e.g., 
day-of-the-week, extremes in temperature, humidity or dewpoint, co-pollutants, and longer- 
term trends represented by seasonal changes or population growth. Well designed time- 
series studies can have several methodological strengths, including: (1) a large sample size 
(sometimes up to 4 to 8 years of daily data), conferring substantial statistical power to detect 
effects; (2) implicit incorporation of a wide range of population demographics, baseline health 
characteristics, and human behaviors, enhanding the generalizability of the results; (3) real- 
world exposures, avoiding the need to extrapolate to lower concentrations or across species; 
(4) the ability to examine effects in potentially sensitive individuals, children and infants; and 
(5) a limited number of covariates or potential confounders, particularly other poliutants and 
weather factors. Limitations of or potential uncertainties associated with time-series studies 
include: (1) difficulty in determining actual pollutant concentrations to which people are 
exposed; (2) the potential for misclassification of exposure; (3) the potential for omission of 
important explanatory factors or inappropriate control of potential confounding factors; (4) 
difficulty in measuring or observing all potential health effects; (5) covariation among 
pollutants, making it difficult to attribute an effect to a single pollutant. Moreover, the average 
daily PM10 concentration in a given location will be similar to the annual average PM1 0 
concentration. While relationships between health outcomes and acute exposures have 
frequently been identified through time-series analysis, it may be difficult to determine the 
effect of a single 24-hour exposure independent of the influence of low-level chronic 
exposures. Nevertheless, the epidemiological studies of PM provide a major body of evidence 
regarding the associated health effects, and serve as a basis for many of the conclusions and 
recommendations that follow. 

7.3 Daily Exposure - Mortality 
Over the past two decades, several dozen time-series studies spanning five continents have 
demonstrated associations between daily counts of mortality and daily or multi-day changes 
in the concentrations of several common air pollutants. Among these pollutants, various 
particulate matter metrics - including PM10 (particulate matter with a median aerodynamic 
diameter equal to or less than 10 microns), PM25 (particulate matter with a median 
aerodynamic diameter equal to or less than 2.5 microns), black smoke, and sulfates - appear 
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to show the most consistent associations with mortality, although some associations have 
also been reported for ozone, sulfur dioxide, carbon monoxide, and nitrogen dioxide. 

Time-series studies examine daily changes in air pollution, typically based on .24-hour 
average concentrations, in relation to daily counts of mortality. The analysis typically uses 
multivariate regression models that control for potential confounding factors other than a 
specific pollutant that may vary over time and may also be associated with mortality. Such 
factors include day of the week, season, weather, time, and co-pollutants. For example, there 
is evidence that meteorological factors, such as extremes in temperature and humidity, are 
associated with mortality. Similarly, there have been consistent observations of cause-specific 
mortality patterns related to the day of the week. Failure to control for such effects could bias 
the estimated effects of air pollution. All of the mortality studies associated with short-term 
exposure reviewed below incorporated statistical control for the effects of weather. In addition, 
two studies (Samet et al., 1998; Pope and Kalkstein, 1996) involved very detailed modeling of 
weather patterns with the aid of a meteorologist. These studies found that the estimated 
effects of PM were not affected by the more complex consideration of weather factors. 
Likewise, population increases over time must be taken into account since they could, by 
themselves, explain some increases in daily mortality. In addition, in cities with temperate 
climates throughout the world, colder winter seasons are associated with more respiratory 
disease and mortality. Again, failure to adjust for seasonal patterns in mortality could lead to a 
false attribution of these effects to air.pollution. 

Most of the air pollution-mortality studies published over the last decade employ statistical 
techniques that control for these potentially confounding influences. In particular, recent, 
higher-quality studies are characterized by: (1) use of Poisson regression models, since 
mortality is a rare event and can be described by a Poisson distribution; (2) three or more 
years: of daily data in a.given city or metropolitan area; (3) examination-of the effect of day-of- 
the-week and daily changes in the weather; and (4) use of locally weighted smoothing (loess). 
The latter is a technique that can account for both time trends and seasonal patterns (due to 
variations in weather and population susceptibility) in daily mortality data. The loess 
smoothing technique can accommodate nonlinear and nonmonotonic patterns between time 
and other factors and the health outcome, offering a flexible nonparametric modeling tool. 
Including a smoothed variable in the model does not explain the underlying reason for the 
pattern over time, but controls for it statistically, allowing one to observe the relationship 
between daily mortality and environmental factors after the underlying trend in daily mortality 
is controlled for. In addition, adding a locally weighted smooth of time diminishes short-tern-r 
fluctuations in the data, thereby helping to reduce the degree of serial correlation. Serial 
correlation exists when the errors of the regression model are related over time, producing 
biased estimates of the variance of the explanatory variable coefficients, which may in turn 
result in spurious tests of statistical significance. 

With increasing statistical sophistication, these studies have shown that either one-day or 
multi-day PM average concentrations are associated with both total and cardiopulmonary 
mortality. However, although acute exposures have repeatedly been reported to exert an 
independent effect on mortality, the influence of a single 24-hour exposure at a concentration 
relevant to the PM standards, absent any other exposure to PM, has not been (and probably 
cannot be) determined epidemiologically. Our review focuses primarily on those studies that 
used PM10 or PM25 as the exposure metric. Other measures of PM include black smoke 
(BS), coefficient of haze (COH), and sulfates. 
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7.3.1 General Results 

There are now many studies linking shot-t-term (i.e., daily) changes in PM10 with premature 
mortality. This includes not only studies from throughout the U.S., including several from 
California, but also those from a diverse group of cities throughout the world: such as 
Santiago, Chile (Ostro et al., 1996) Mexico City (Castillejos et al., ZOOO), Sao Paulo, Brazil 
(Saldiva et al., 1995), Amsterdam (Verhoeff et al., 1996), Bangkok (Ostro et al., 1999a) and 
Sydney (Morgan et al., 1998). Such cities span a wide range of environmental and population 
characteristics, including temperatureair pollution relationships, housing stock, transportation 
systems, industrial emissions, population age distributions, typical activity patterns, and 
baseline health conditions. Meta-analyses of earlier mortality studies suggest that, after 
converting the alternative measures of particulate matter used in the original studies to an 
equivalent PM10 concentration, the effects on mortality are fairly consistent (Ostro, 1993; 
Dockery and Pope, 1994; Schwartz, 1994a). Specifically, the mean estimated change in daily 
mortality associated with a one-day 10 pg/m3 change in PM10 implied by these studies is 
approximately 0.8 percent, with a range of 0.5 percent to 1.6 percent. Since these meta- 
analyses were published, many more studies of acute exposure-mortality have been 
completed. All include control for weather and other potential confounding factors and most 
use sophisticated smoothing techniques as well. Table 7.1 summarizes the acute exposure 
mortality studies that have directly measured PM1 0. The table provides information for single- 
pollutant models of all-cause mortality, using the lags demonstrating the strongest 
associations with mortality, based on t-statistics. When necessary, the authors were 
contacted to complete the information provided in the tables and figures in section 7.3. 
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Pabie 7.1 Summary ‘of Cities Included in Short-term PMlO Studies for A!! Age Groups 
(except where noted), Sorted by Mean* Concentration 

- 

ID City/Region Country Reference 

Stockholm Sweden iatsouyanni et al., 2001 

Portage, WI 

___-- 

US 

,-- 

Australia 

Schwartz et al., 1996 

Sydney 

.- 

Morgan et al., 1998 

Ottawa 
-I___----- 

Edinburgh 
_____ - .._._ -- 

Birmingham 

-I_- 
Canada 

--- 
Scotland 

..-- 

England 

-_I_.- I-.-. 
Burnett et al., 2000 

.- Presmtt’etall,1998E- 

Katsouyanni et al., 2001 

Paris 

Canada 
-_I_ 

France 

.--__-__- 
Burnett et al., 2000 

Katsouyanni et al., 2001 

--~-- 

Helsinki Finland 

I -- 

Katsouyanni et al., 2001 

----_ 
Edmonton 

--- 
Buffalo-Rocheste 

NY 
-_ 

Boston, MA 

-__. 

--. 
r, 

-.. 

Canada Burnett et al., 2000 
_- - 

Gwynn et al., 2000 

us Schwartz et al., 1996 

London 

Calgary 
- 

Birmingham 

.___ -.._-- 
Winnipeg 

--- 
Toronto 

-. 

9 

- 
-- 

- 

-. 
Y 
S) 
_- 
4 
. .._ 

England 

Canada 

England 

Canada 

I- /l -- 

1 

; 

-_ 

-- 
Katsouyanni et al., 2001 

Burnett et al., 2000 

Wordley et al., 1997 

Canada 

Topeka, KS us 
__.__-__._....___...- 

Montreal 
_-___-_- .--. __ 

Basei 

Canada 

Burnett et al., 2000 1986-1996 

-Burnett et al., 2000 1986-l 996 
-- 

Schwartz et al., 1996 Sep ~~~~-oc 

__--- -..-..- 
Burnett et al., 2000 1986-l 996 

-- -- 

‘Katsouyanni et al., 206: 
Jan 1990-D; 

1995 
,.__.__,,, ..,___ ,........ ._......... -_-- 

Helsinki (Mortalit 
for under 65 year 

Germany 

.---- 

Finland 

Minneapolis, MP 
. . . ,._.._ _........- _ . ._... 

P 

I .____._. “S- ..- 

- . 
I _- 
_- . 

Ponka et al., 1998 

Braga et al., 2000 

14 

.-.-._-.-.-. 

18 

--.-.. 

18 

._-I” 
20 

-- 
21 

-.--.-_ 

21 

__--_..- 
22 

-“_.__-- 

22 

__--.“- 

23 

-- 
23 

24 

-.-- 

25 

-- 

25 

-- 
26 

--- 

26 

26 
-- 

26 
-- 

27 

27 
-- 

28 

..-._---- 

28 

_ ,.. .._..._... ..- 
28 

% Increase 
(95% Cl) per 

10 pglm3 

0.39 (-d .3Q, 2.08) 

-.__._-.--~ 

0.7 (-0.4, 1.7) 

-.--- 

0.95 (0.32, 1.60) 

.- 
1.45 (-0.88,3.x) 

---.- 
0.1 (-2.8, 3.0) 

_--._..- 

0.28 (-O-23,0.80) 

---.- 
1.46 (-0.28.3.20) 

--____- 

0.43 (-0.02,0.88) 

-- 

Q.32 (-0.51, 1 .lS) 

--.---- 
1.28 (-0.90,3.46) 

2.33 (0.49,4.16) 

1.2 (0.7, 1.7) 

0.69 (0.35, 1.03) 

1.47 (-0.49,3.43: 

1.1 (O-1.2.1) 

--- 
0.35 (-1.18, 1.88) 

0.67 (-0.02, 1.36) 
--- 

-0.5 (-2.0, 0.9) 

~__.-- 
0.51 (-0.25, 1.27) 

- 

3.41 (-0.44, 4.27) 

..,-_ _-. 

3.45 (1.08, 5.88) 

_._....__.__. - ._.. -..-..--_.- 
1.34 (0.78, 1.90) 

.._,_._........ - _._. ---.._- -... 

f of 
obs 

Time Period 

2555 Jan 1990-De{ 
1996 

---_----. 
alar 1979-Del 

1987 

Jan 1989-Noi 
1993 

_-. 
1986-1996 

--.--- 
1992-1995 

Jan 1992G 
1996 

1986-1996 

Jan 1991-De; 
1996 

Jan 1993~De 
1996 

1986-1996 

May 1988-g 
1990 

May 1979-Ja 
1986 

1 

2 1436 

1795 

-_--- 
1460 

3 

.- 
4 

5 

6 

7 

1825 

-- 
565 

8 

- 

9 

_.- 
10 

11 

--. 

12 

- 

13 

14 

-- 
1825 

598 

15 

16 
- 

17 
- 

18 

3 
-- 

20 

.- 

21 

._ .-__ 
22 

.._..-- 

730 

-- 
538 

-_- 
889 

-- 

1432 

--.-.-._ 
853 

-- 

2290 

_- .__..... .-.. 

2555 

._._.. _._. ..__ 
2920 I 
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I 

2 

2 

2 

2 

2 

2 

2 

3 

3 

3 

3 

3, 

4 

31 

3 

3i 

3! 

4r 

4, 

4: 

4: 

44 

4! 

4’i 
.- 

4; 

Reference Time Period 

3 St. Louis, MO US Dockery et al., 1992 

--_.- _... - ..____ 

14 Zurich Switzerland Katsouyanni et al., 2001 

---.__._ 

5 London England Bremner et al., 1999 

t 

6 Kingston/Knoxville, Us 
TN Dockety et al., 1992 

7 St Louis, MO us Schwartz et al., 1996 

8 Detroit, Ml us Lippmann et al., 2000 

9 Windsor Canada Burnett et al., 2000 

0 Knoxville, TN us Schwartz et al., 1996 

1 Montreal Canada Goldberg et al., 2001a 
------ 
2 Seattle, WA us Braga et al., 2000 

--- 
3 ‘Ogden, UT us Pope et al., 1999a 

4 Geneva Switzerland Katsouyanni et al., 2001 

-+----- 
I I 
I 

5 Madrid Spain Katsouyanni et al., 2001 

. 
6 San Jose, CA us Fairley, 1999 

7 Chicago, IL us Braga et al., 2000 

8 Chicago, IL us Schwartz, 2001 a 

9 Detroit, Ml us Braga et al., 2000 

D Pittsburgh, PA us Braga et al., 2000 

1 ProvolOrem, UT us Pope et al., 1999a 
---_- 

2 Lyon France Katsouyanni et al., 2001 

3 Athens 1 Greece 1 Katsouyanni et al., 2001 

-t-------t--- , 
4 Budapest Hungary Katsouyanni et al.. 2001 

5 Chicago, IL us Ito and Thurston, 1996 

q-?%L.ake City, Uyr‘vet al., 1999a 

Katsouyanni et al., 2001 

L 

J 

I 

J 

J 

J 

Ji 

Ji 

Sep 198% 
Aug 1986 

Ian 1990-Dee 
1995 

Ian 1992-Dee 
1994 

Sep 1985 
Aug 1986 

;ep 1979-Jan 
1987 

1992-1994 

1986-1996 

an 1980-Dee 
1987 

1984-1993 

1986-l 993 

1985-l 995 

an 1 990-Deci 

28 

-- 

29 

30 

31 

31 

31 

32 

32 

32 

32 

1986-1993 1 36 

1 

,% Increase 
(95% Cl) per # of 

10 pglm3 
obs 

------F 0.26 (-0.20,0.72) 109, 

0.9 (0.1, 1.8) 1481 

3.67 (-0.16, 1.49) 3650 

0.52 (0.11, 0.94) 2920 
-- 
1.62 (O-30,2.90) 2308 

0.10 (-1.02,0.81) 2190 

0.53 (0.07, 1.00) 1460 

!  

1985-1990 41 0.5 (0.3, 0.8) 1529 
-.- -_--_ 
1985-1995 41 0.77 (0.30, 1.30) 3700 
--_-_._ 

r-----t 42 

--__. 

1.32) I 

.-..-.- 
3r-r 1990-Dee 

1997 0.64 (-0.03, 2920 
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-E-g - 
s z % Increase 

D City/Region Country Reference Time Period .Zj (95% Cl) per. 
# of 

10 pglm3 
obs 

*s 2 
ZO 
=E! 

,8 Tel Aviv Israel Katsouyanni et al., 2001 Jan :y9LWDeC 

_____ ---_- .._.. -_- ._.... -.-..--.. _.. ., _ .- . . . . ,.._,_.._. . -.. .._...... .._.__. -..--- -.--- -. 

il Steubenville, OH US Schwartz et a!., 1996 
__.. -..-_.-..._I__.--.--, .,_ ._..,.,,,. ,,, .,._____. T” -__.. ._ . . .._ .- ._._. _ ..^_. _“.“-,.” ,......-..-.-.- -.. _.- _._...-__ -- .._ -- _-.. 

Phoens AZ 
52 (Mortality for 65 US Mar et al., 2000 199.51997 46 

Ostro et al.. 2000 

._.. . _.” .._- -----“.--.-- 

54 Milan0 Italy Katsouyanni et al., 2001 1.16 (0.79, 1.53) 2555 

-.-.._ ___... - .__- .._..” .._.__,. ._,_. --..- 

55 Utah Valley, UT US Pope et al., 1992 1.47 (0.86.2.08) 1706 

------ -.-.-._.-..-- .__, ----_ ,,_I,_,,_,_,, ._____ ,,_........,._.._...._................~. _... -- -..--.-.- 

56 Birmingham, AL US Schwartz, 1993 

- .,.__, - . . ..__. _---.~_., _- .._._. -_.1--“-- --A.-.-v- p____-I-nl-.- 

57 Et-fur-t Germany Katsouyanni et al., 2001 Jan :ygiDec 48 -0.56 (-1.34, 0.21) 1825 

._ ,.._. - ._..__.__.--.. - .--._- -.-. _-- .-.-.. -..-- .-__-.- ..-.. 

58 Cracow Poland Katsouyanni et al., 2001 
Jan 1990”Dee 54 

1996 
0.13 (-0.54,0.81) 2555 

59 Rome 

_.__- ___._. -__ _-._- _.~__ __-._- 

Italy Katsouyanni et al., 2001 Jan :rgtDec 57 1.28 (0.75, 1.81) 1825 

.-- ._ .-- ._.._- 

60 Los ,4ngeles, CA US Kinney et al., 1995 
Jan 1985-Dee 58 

1990 
0.5 (0.0, 1 .I) 364 

.__. 

61 Barcelona 

-_-. 

Spain Katsouyanni et al., 2001 Jan :ygkDec 60 0.93 (0.57,1.29) 2190 

62 Bangkok 

_____-_-_._.- --.-. 

Thailand Ostro et al., 1999a 
_ Jan 1992-Nov 

1995 
65 a .7Q (1 .I 1,2.29) 1431 

__-._-_.-. ._. . .._. ___-. ._ _...__,_ - .._.___ -_-. ._-___.. ----- ._--_- ._......,... 

63 Torino Italy Katsouyanni et al., 2001 
Jan 1990-Dee 66 

1996 
1.05 (0.71, 1.38) 2555 

.._.... ,_- .._.__.... .___ -..-.-_.- -___--. .__- -_-._- ..--.. -_- _ ..___ _,,.. - -.-_. 

64 Prague Czech Katsouyanni et al., 2001 Feb :r6-Oec 66 0.12 (-0.24,0.48) 1795 

..--..--..- _--- --____.. ---_-.-_. ..-.-.-.. .-.- -. --- ,, ,,._^ .,,,.,, ..,,.....,~__,.__~ _ ,..,.., ., .._....__.... ..--. 
Sao Paul0 

65 (Mortality for 65 Brazil 82 1.31 (0.28,2.33) 365 
years and older) 

Saldiva and Bohm, 1995 May ~~~~-APr 

._.._,_.I.________” -._,.., “-- .._.. - _..._.... --.-.- -- 

66 Rome Italy Micheloui et al., 1998 Jan :~~~-Jun 84 0.66 (0.31, 1.02) 1278 

_ _....._.___.__._ - ._....__..._...__ _” .._ -.__ - _..._....._. - _.._....... ,,.......................... -- ____, .._ ,..._,._, .._ _,._,,,,.._.,_._.., .____ .._._.__.__ _,,. - _..._........_..................,-.-... 
67 Santiago Chile Ostro et al., 1996 1989-1991 115 1 .I3 (0.87, 1.39) 779 

Average of 24-hour measurements over time period. 
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Among the first of the multi-city studies on mortality, Schwartz et al. (1996) examined data 
from the Harvard Six-Cities’ investigationTh/s database included monitors sited specifically to 
support ongoing epidemiological studies and be representative of local population exposures. 
Consistent associations were reported between daily mortality and daily exposures to both 
PM1 0 and PM2.5. The mean concentrations of PM10 among the six cities ranged from 18 to 
47 pg/m3 (overall mean of 30 pg/m3) with a joint effect estimate indicating a 0.8% (95%CI = 
0.5 - 1 .I) increase in daily total mortality per 10 pg/m30f PMIO. 

Samet et al. (2000a) applied a wide range of statistical tools and sensitivity analyses to a 
database consisting of the 88 largest cities in the United States (NMMAPS), while Samet et 
al. (2000b) f&used on the 20 largest cities- For both of these studies, the combined effect of 
all of the cities indicated an association consistently within but near the lower end of the range 
reported by earlier researchers (approximately 0.5% per IO pg/m3 of PMIO). Among these 
cities, the long-term mean PM10 concentrations ranged from 24 to 46 pg/m3. The authors 
examined pollution and sociodemographic factors that might modify the estimated effects of 
PMIO. They reported no association, in univariate models, between the effect estimates for 
each of the cities and the mean level of PM or other pollutants (ozone, nitrogen dioxide, sulfur 
dioxide or carbon monoxide) in the city. This suggests a constant slope or effect per pg/m3 of 
PM regardless of the average concentration of PM or other pollutants. In addition, city-wide 
estimates of sociodemographics such as median income, percent unemployed, and percent 
below poverty level did not modify the estimated effect of PM. However, there may have been 
insufficient statistical power to detect any effect of such socioeconomic factors on the PM- 
mortality relationship. 

Samet et al. (2000a) indicated that their estimates may be at the lower end of the range 
because their database included a wide range of cities and incorporated findings in some 
cities where no effects were observed. There may be other explanations for the lower effects, 
however. For example, the studies only considered lags (or delayed effects) of zero, one or 
two days, or an average of zero and one day lags, though other studies have reported greater 
effects with longer lags or multi-day moving averages. Since many of the cities in the study 
collected PM10 data on an every-sixth-day basis:cumulative averaging times could not be 
examined. Another possible reason for the lower effect estimates in the study by Samet et al. 
(2000a) relates to the number of covariates used in the regression model. Besides PMIO, day 
of week, and a smooth of time using 7 degrees of freedom (or cycles of about 7 weeks), two 
variables were included for temperature and two for dewpoint (same day and an average of 
the three previous days). Most previous mortality studies used fewer controls for weather 
factors or, more appropriately, modeled extreme weather events (e.g., binary variables 
indicating a day with temperature above 80 degrees or below 32 degrees). To the extent that 
PM may be causally related to mortality and correlated as well with these meteorological 
variables, these multiple statistical controls could result in an underestimate of the effects of 
PM, though residual confounding by weather factors might also bias the PM effects away 
from the null hypothesis of no effect. Thurston and Ito (2001) demonstrated that the modeling 
of weather factors had a significant impact on the estimated effect of ozone, and postulated 
that it could impact the estimated effects of secondary aerosols, as well. 

The largest and most significant regional effects were found for the Northeast U.S. and for 
Southern California, with modest heterogeneity in the PM-mortality relationships from region 
to region. The regional heterogeneity may have resulted from differences in: (1) the particle 
composition and size distributions; (2) the underlying distributions of age, chronic disease, 
and other determinants of susceptibility among the local populations, including behaviors, 
activity patterns, and exposures; or (3) the density of pollutant monitors and relative exposure 
measurement errors. Moreover, the application of a similar statistical model to all 90 cities 
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may have contributed to the inter-city and inter-regional variability observed by these 
researchers. Similar loess smoothers of time’ and temperature were used throughout the 
country, despite the diversity of climate, PM sources-, and population characteristics.. By not 
tailoring the model to each locale, they may have had varying degrees of “goodness-of-fit” of 
the models to the mortality patterns in the individual cities, which might either exaggerate or 
underestimate the magnitude of the associations between ambient PM and daily mortality in 
different locations. In the Samet et al. (2000a) analysis, the averaged effect for the six 
California counties studied (Los Angeles, San Diego, Orange, Santa Clara, San Bernardino 
and Alameda) was 0.9% per 10 pg/m3 (with a range of 0.3% to 2.0%) versus 0.5% for all 90 
cities together. The same data set was used to address issues relating to potential exposure 
measurement error bias and confounding by co-pollutants. They found that measurement 
error would likely underestimate the effect of PM (Zeger et al., 2000) and that co-pollutants 
such as ozone, nitrogen dioxide, sulfur dioxide, and carbon monoxide did not significantly 
affect or confound the estimated effect of PM (Samet et al., 2000a). 

In studies of 10 U.S. cities, Schwartz (2000a.b) examined the effects of PM10 for all age 
groups, and for a more iimited subset of individuals above age 65. For the group of ail ages, a 
‘i0 pg/m3 change in PM10 (measured as a two-day average of lag 0 and lag 1) was 
associated with a 0.7% increase in daily mortality. For the elderly age group, the same 
change in PM1 0 was associated with a 1 .I% increase in mortality. For these 10 cities, the 
arithmetic mean of PM1 0 ranged from 27 to 41 pg/m3. 

In another multi-city study, Burnett et al. (2000) analyzed mortality data for 1986 - 1996 from 
the eight largest Canadian cities. This study found that both PM10 and PM2.5 were 
associated with daily mortality. For PMIO, a 10 pg/m3 increase was associated with a 0.7% 
(95%CI = 0.2.- 1.2) inqease .in daily mortality, With .a mean,PMl!I concen!ration,of 26.pg/m3. 
For PM2.5, a similar 10 pg/m3 increase was associated with a 1.2% increase in daily mortality 
(95% C.I. = 0.44 - 1.96). Moolgavkar (2000a) examined the association between air pollution 
and mortality in three large U.S. counties: Cook (including Chicago), Maricopa (including 
Phoenix), and Los Angeles, for 1987 through 1995. For the latter two ‘counties, only every 
sixth day measures of PM10 were available, unlike most of the other studies which had daily 
data (except Samet et al., 2000a, b). PM10 was significantly associated with mortality in all 
three counties but with a lower effect estimate (approximately 0.2 to 0.4% per 10 pg/m3) than 
found in most other studies. in addition, the author concluded that it was difficuit to assign the 
effect to any single pollutant because of the high correlation among pollutant measurements. 

Another multi-city study involved 29 European cities that measured PM10 (although in some 
of the cities PM10 was estimated from observations collected from a subset of days using co- 
located TSP or Black Smoke monitors) (Katsouyanni et al., 2001). Using a methodology 
similar to the U.S. studies cited above, an association between daily mortality and PM10 was 
reported, with an overall effect estimate of 0.6% per 10 pg/m3. The study reports 
heterogeneity in the effect estimates, which was likely due to real differences in PM sources 
and exposures among the cities. In this regard, cities that had higher concentrations of 
nitrogen dioxide, indicating the likelihood of a greater contribution of ambient pollution from 
mobile sources, especially diesel, demonstrated greater PMIO-associated effects. For 
example, for cities in the lowest quartile for nitrogen dioxide, the estimated PM10 effect was 
0.2% per 10 pg/m3, while for cities in the highest quartile for nitrogen dioxide the effect 
estimate was 0.8% per 10 pg/m3. 

In addition to these multi-city investigations, studies examining the effect on mortality of short- 
term exposure to PM have been conducted in over 100 cities. Those studies that specifically 
use PM10 (as opposed to Black Smoke, Coefficient of t-laze (Cot-i), nephelometry data or 
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other measures of PM) as their exposure metric are summarized in Table 7-l-, which displays 
the estimated effect and ambient concentration of PMIO‘ for each city. As in the studies 
conducted in the early 1990s these studies’indicate a generally consistent mortality effect of 
around 1% per IO pg/m3 of PM1 0. Taken together and combined with the evidence of 
morbidity effects described below, these studies provide compelling evidence of a significant 
impact of PM on mortality. Although the relative risk per unit is low, the large number of 
people exposed suggests the existence of a major impact on public health. 

Many of the above studies reported that lags in exposure to PM10 of one to four days 
exhibited stronger associations with mortality than did same-day exposures to PMIO. In 
addition, cumulative exposures of three or five days, when tested, often had stronger 
associations than single-day lags. Recent analyses demonstrate that effect estimates 
increase when a longer-term average of exposure is used. For example, Schwartz (2000b) 
examined mortality for those above age 65 in 10 U.S. cities. A regression model that allowed 
for an air pollution effect to persist over several days using a distributed lag was incorporated, 
resulting in a doubling of the relative risk, to approximately 2% per IO pg/m3 of PMIO. 

In a separate study restricted to out-of-hospital deaths (i.e., excluding those due to homicide 
or trauma), the effect size increased four-fold (Schwartz, 2001a). Schwartz (1994b) had 
previously found a much greater likelihood of deaths occurring outside of hospitals or clinics 
on days with high versus low concentrations of PM (measured as Total Suspended Particles 
or TSP). These findings suggest that particulate air pollution may have had a greater impact 
among individuals who were not in the hospital when exposed and who were not admitted to 
the hospital before expiring. Sudden death may therefore be a factor in air pollution-related 
mortality, which suggests that the average impact on loss of life is likely to be more than just a 
few days, since it need not include only those already chronically ill and hospitalized. The 
recent paper by Peters et al. (2000a), demonstrating associations between serious cardiac 
arrhythmias and several pollutants, including PM25 and black carbon, supports this notion. 
However, deaths occurring among those outside of a hospital may represent individuals who 
are frail or without health insurance, or both. In contrast to the results reported by Schwartz 
(1994b), Levy et al. (2001) did not find any association between PM10 and the incidence of 
primary cardiac arrest using a case-crossover analysis- This study, though, involved a small 
number of cases in Seattle, where relatively low levels of PM occurred during the study period 
[I 988-l 994, mean PM1 0 = 31.9 pg/m3, mean PM2.5=18.4 pg/mT. 

The results of these studies also indicate that the associations between PM and mortality are 
not significantly confounded by weather patterns, longer-term seasonal@, or day of week. 
This evidence is provided by careful modeling and controlling for these factors in the 
individual studies, as well as by the heterogeneous nature of the cities examined. Specifically, 
consistent evidence of an effect of PM has been observed in cities in both cold (e.g., Detroit 
and Montreal) and warm (e.g., Mexico City and Bangkok) climates, in some cities where PM 
peaks in the summer (Steubenville, Philadelphia) and in others with peaks in winter (e.g., 
Utah Valley) or spring (Helsinki), and in cities with substantial seasonal changes in mortality 
(e.g., Chicago) and in others with little seasonality (e.g., Coachella Valley, Birmingham, 
Bangkok). These factors are carefully modeled and controlled for in the studies, and the 
mortality results are consistent throughout, thereby providing compelling evidence of an 
effect. Furthermore, factors such as smoking, exposure to secondhand smoke or 
occupational irritants, and personal characteristics are not confounders in these studies since 
they do not vary with air pollution on a daily basis. 

A related issue is whether there is independent evidence of an effect of PM, or whether 
confounding by coYpollutants makes it impossible to implicate PM as a pollutant of concern- 
One method for examining such potential confounding involves including multiple pollutants in 
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the explanatory regression model. While this method can help rule out confounding effects if 
the effect of PM10 is‘unchanged when other pollutants are included in the model (assuming 
non-differential measurement error), the reverse is not true. If the estimated effect of PM10 is 
altered after inclusion of other pollutants, this may be a predictable result of statistical 
collinearity. It is well established that regression estimates can vary widely with the 
inclusion/exclusion of highly correlated covariates. It may also be the result of differential 
pollutant measurement errors or monitor performance. However, single-pollutant models may 
incorporate the effects of other highly correlated pollutants not included in the model, so that 
any health impact attributed to the pollutant in the model may be overestimated. 

Despite these potential limitations, there is substantial evidence from the available literature 
that PM effects are, in general, not substantially affected by co-pollutants. In many of the 
time-series mortality studies, inclusion of additional pollutants into the regression model does 
not alter the estimated impact of PM. Samet et al. (2000a) provide a recent and 
comprehensive test of this theory using the data set consisting of 90 U.S. cites, as described 
earlier. The authors sequentially tested the estimated effect of PM10 after gaseous pollutants 
(ozone, nitrogen dioxide, sulfur dioxide, and carbon monoxide) were each added to the 
regression model. The authors report minimal change in the estimated PM10 coefficient after 
these inclusions. Similar results have been reported in most studies that have examined 
PM10 and mortality, with few exceptions (e.g., Moolgavkar, 2000a). In a different approach to 
the issue, Schwartz (2000a) examined the sensitivity of the PM10 coefficient to different 
amounts of co-pollutant covariation among IO U.S. cities. Theoretically, if the PM10 effect 
were really a result of confounding by another pollutant, the estimated PM10 effect per pg/m3 
would be greater in those cities where PM10 was highly correlated with other pollutants, 
indicating that PM10 was taking on some of the explanatory power of the “true” causal co- 
pollutant. However, Schwa,rtz’ (200CJa) .did not find. any evidence consistent with. this 
hypothesis, suggesting that confounding of the effects of PM10 by other pollutants was 
unlikely. Similarly, in the study of 29 European cities, Katsouyanni et al. (2001) report no 
effect modification or confounding associated with either ozone or sulfur dioxide. PM effects 
were higher in cities with higher concentrations of nitrogen dioxide, but the effects of PM were 
not attenuated. 

The recent findings of Sarnat et al. (2001) are important in assessing the usefulness of multi- 
pollutant models. In a study of 56 subjects in Baltimore, studied over both the summer and 
winter seasons, ambient and personal exposure to PM2.5, ozone, sulfur dioxide, nitrogen 
dioxide and carbon monoxide were measured for 12 consecutive days. Ambient 
concentrations of PM25 were correlated with the ambient concentrations of the gaseous 
pollutants. Personal and ambient PM25 exposures were also correlated, .but personal and 
ambient concentrations were not related for any of the gases. In fact, ambient measures of 
the gases were associated with personal exposure to PM25 The authors concluded that this 
indicates that ambient PM2.5 is a suitable surrogate for personal PM25 and that ambient 
gaseous concentrations are surrogates, not confounders, for PM2.5. Therefore, multi- 
pollutant models may not be a suitable method of evaluating the effects of gaseous pollutants, 
and the health effects attributable to ambient gases may result from exposure to PM25 This 
important finding needs to be replicated in other settings. 

We have attempted to provide a context for both the average ambient concentrations and the 
statistical level of uncertainty in these studies. Figure 7.1 and Table 7.1 summarize the 
estimated effect levels and the associated average concentrations for the available studies 
that used PM’IO. (Unpublished data for individual city results within multi-city studies were 
graciously supplied by the authors.) This obviates the need to adjust from some other PM 
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Figure 7.1 Daily Mortality,Estimates and PM10 Concentration 
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Note: Both median and mean are used to indicate average study concentration. Number in 
the figure refers to city identifier; see Table 7.1 for study details. 

measure (such as black smoke to PMIO), and thereby reduces one source of uncertainty. 
The figure indicates that many studies in which the average PM10 concentrations are in the 
range of 20 to 30 pg/m3 show associations between daily exposure to PM10 and mortality. 
However, all of the published studies at the lower end of the range have been conducted 
outside of California, and several are from outside the U.S. The cities are sorted by PM10 
concentration in Table 7.1 and show, for example, that the 10 lowest concentrations occur in 
Stockholm, Portage (Wisconsin), Sydney, Ottawa, Edinburgh, Vancouver, Paris, Helsinki, and 
Edmonton. Factors that may affect the PM-mortality relationships, including sources of PM, 
different distributions of PM size and chemical compositions, time spent outdoors, proximity to 
roadways, climate, population age distribution and health status, smoking characteristics, and 
use of medical care, may all affect extrapolations to California. Figure 7.2 demonstrates that 
the studies themselves may involve greater uncertainty at lower mean PM10 ambient 
concentrations. As the average PM10 level decreases, the confidence intervals of the 
estimated effect on mortality tend to increase. The associated t-statistic (which equals the 
regression coefficient divided by the standard error of the estimate) is a unit-free measure of 
the association in each of the regressions. The larger the t-statistic, the stronger _the 
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association and the smaller the 95% confidence interval associated with the estimated effect. 
The larger the t-statistic, the stronger the association and the smaller the 95% confidence 
interval associated with the estimated effect. Therefore, Figure 7.2 also indicates that at lower 
ambient concentrations, the t-statistic tends to be lower as well. This simple figure, however, 
does not account for other factors that may be confounding this relationship. For example, 
studies conducted in generally less polluted cities may involve other factors that affect the 
association, such as weather, particle composition, or housing stock (i.e., with different levels 
of “tightness” and infiltration rates). In addition, lower variation in the pollution exposure, with 
everything else the same, will result in greater variance in the estimated pollution regression 
coefficient. Therefore, Figure 7.2 can only be considered suggestive regarding the reasons for 
the greater degree of uncertainty at lower concentrations. It should be noted that many 
studies have found statistically significant associations between PM10 and mortality at low 
ambient concentrations and that analyses explicitly conducted to determine thresholds have 
failed to detect any (see section 7.3.5 below). Therefore, Figure 7.2 should not be construed 
as demonstrating a threshold level of zero risk. It also should be noted that the large (n = 88) 
multi-city study of short-term exposure and mortality by Samet et al. (2000a) found that 
although the magnitude of the estimated mortality effect varied across all of cities (and tended 
to be associated with PM within each city), the effect estimate was independent af the mean 
PM10 in any given city. Thus, cities with higher average concentrations of PM10 tended to 
have the same general effect per microgram of PM10 as cities with lower averages. The t- 
statistic associated with the estimated coefficient of PM10 will be affected by both the strength 
of the association between PM10 and mortality, and the number of observations used in the 
regression model. Theoretically, the t-statistic should increase with the square root of the 
number of observations. In order to control for this factor and still determine whether the 
concentrations of PM10 were associated with greater uncertainty, we conducted a simple 
statistical analysis of the 62 single-city itudies for wliich we had complete data for’all-cause 
mortality for all age groups together (see Table 7.1 for details of the studies). Only all-age, all- 
cause mortality results are included, using the lag with the highest association with mortality, 
based on the t-statistic. In the analysis, we used ordinary least squares multiple regression to 
explain variations in the t-statistic as a function of both the number of study otrservations 
(days) and the average concentration of PMIO. We also used locally weighted smoothing 
analysis (Cleveland and Devlin, 1988) to examine the shape of the possible associations; 
Both the concentration of PM and the square root of the number of days in the study appear 
to have linear associations with the t-statistic. ‘Specifically, we found the following relation: 

Tstat = -0.39 + 0.025 SRN + 0.0528 PM 

(0.019) (0.0129) 

p = 0.18 p < 0.000~ 

R2 = 0.25 

where Tstat = t-statistic of the association between PM1 0 and mortality, 

SRN = square root of the number of days of the study, 

PM = average study concentration of PM1 0 

(standard errors in parentheses). 

Figure 7.2 Uncertainty in Daily All-Age, All-Cause Mortality Studies 
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Note: Bars represent 95% Cl of estimated PM10 effect; number in the figure refers to city 
identifier. The city identifier is placed at the point estimate location. Santiago, Chile does not 
appear in this graph. See Table 7.1 for study details. 

The estimated coefficients indicate that uncertainty (the inverse of the t-statistic) decreases 
with increasing sample size and PM concentration. The coefficient of SRN had a p-value of 
0.18, while the coefficient of PM had a p-value < 0.0001, indicating that the mean PM 
concentration may be an important determinant of the level of uncertainty in these studies. 
About 25% of the variation in the dependent variable Tstat was explained by the two terms. 
The lack of statistical significance of the study day coefficient suggests confounding by one or 
more omitted variables, which might include other time-variant factors such as co-pollutants 
or meteorological factors, or other variables such as population size, which would determine 
the number of deaths/day. The statistical significance of the study PM10 concentration 
coefficient may also be influenced by unmeasured covariates. However, the high precision of 
that estimate suggests that PM10 concentrations would still be an important predictor even 
with the inclusion of other covariates in the model. 

Figure 7.3 displays a plot of the linear fit for the predicted value of Tstat versus average PM10 
concentration, after controlling for number of observations. While this simplistic analysis does 
not control for a wide range of other factors that may affect the strength of the association, it 
does suggest greater uncertainty at lower concentrations. The plot also indicates that there 
are at least two influential data points: the observations associated with the highest and 
lowest t-statistics. Therefore, as a sensitivity analysis, the model was rerun after deleting 
these two points. The resulting model produced a slightly lower coefficient for PM10 of 0.046 
(se. = 0.015, p < 0.01) a higher coefficient for SRN of .0.031 (se. = 0.018, p < 0.10) with an 
R2 = 0.20. Thus, both the number of observations and the study average concentration of 
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PMlO were associated with the t-statistic of the estimated effect of pollution when these 
influential observations were deleted. 

7.3.2 Effects by Sire Cuts: Fine and Coarse Particles 

Qn the last several years, several daily exposure-mortality studies have examined associations 
using different particle cut sizes, especially PM25 and coarse (PM10 - PM2.5) (abbreviated 
below as CP). The ability of these epidemiological studies to differentiate between the effects 
of different PM size cuts, however, is limited by two factors. First, PM metrics in a given 
region are often highly correlated. For example, in many urban areas, PM25 and PM10 are 
highly correlated (r > 0.7) on a daily basis. On the other hand, in areas where crustal PM 
predominates, daily concentrations of PM10 are correlated with CP. The second factor that 
limits the interpretation of the epidemiological studies is the relative degree of exposure 
measurement error. Since PM25 tends to be more uniformly spatially distributed than CP, it 
is likely that a fixed-site monitor will be less precise in measuring the latter. Since 
misclassification of exposures would normally result in biasing the estimated effect 
downwards, the relative difference in measurement error could lead to relatively lower (and 
less certain) effect estimates for CP. 

Earlier studies of PM2.5 used measures of PM25 components, such as sulfates (Bates and 
Sizto, q987), or estimates of PM2.5 based on airport visibility (Ostro, 1995). Schwartz et al. 
(1996) was among the first studies using actual measures of PM2.5 in the Harvard Six-Cities 
data set, and then determining CP using the difference between PM10 and PM2.5. Based on 
both the individual-city analyses and a meta-analysis of all six cities, an association was 
demonstrated between daily mortality and PM25 but not CP. An effect of CP was observed 
in only one of the six eastern and mid-western cities included in the database (Steubenville, 
Ohio). In this study, the mean PW.5 among. the cities ranged from 11 to 30 pg/m3 with a 
mean of 18 pg/m3, while CP ranged from 7 to 16 pg/m3, with a mean of 11.5 pg/m3. These 
findings were .validated in an independent replication of the six-Cities data by Klemm et al. 
(2000). 

Among more recent studies (summarized in Table 7.2 and Figure 7.4) examining the relative 
impacts of coarse and fine particles, however, the results have been mixed. The estimated 
effects of PM appear to depend on: (1) the cities being studied; (2) the lags in exposure used 
in the statistical models; (3) the mortality endpoint(s) under study (i.e., ail-cause versus 
cardiovascular or respiratory); and (4) the season(s) under study. In some cities, only a 
PM2.5 effect is found. In other cities, both PM2.5 and CP are associated with mortality, while 
in a third set of cities, an association is found only for CP. Table 7.2 provides a summary of 
these findings. For example, support for a dominant PM2.5 effect is provided by the Fairley 
(1999) study of Santa Clara County, California. In this study, PM10 (mean = 34) and PM2.5 
(mean = 13) were associated with all-cause daily mortality, whereas no effect was observed 
for CP. V/hen cardiovascular mortality was examined in relation to the three different PM cut 
sizes, associations were found for only PMIO. A similar result was reported for all-cause 
mortality in a study of eight Canadian cities (Burnett et al., 2000). The effect of PM2.5 on 
mortality was stronger than that of CP, although the latter did demonstrate a positive, though 
weaker, association with mortality. 

In contrast, results from Coachella Valley, CA (which includes Palm Springs), Detroit and 
Mexico City suggest effects of CP greater than those of PM2.5. in PM data from Coachella 
Valley, Ostro et al. (2000) found very high correlations between CP and PM10 (R - 0.95) with 
the ratio of CP/PMlO of approximately 0.60. This is the reverse of most urban areas, 
particularly in the eastern part of the U.S., where PM2.5 is more highly correlated with PM10 
and the PM2.51PMlO ratio is typically between 0.55 and 0.75 (U.S. EPA, 1996). Using 2.5 
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years of data of PM10 and ,PM2.5, both CP and PMlO, but not PM2.5, were-associated with 
cardiovascular mortality (Ostro et al., 2009). For all-cause mortality, no associations were 
found .for the alternative measures of PM, with the exception of a 4-day lag in PM23 which 
was the only single-day lag demonstrating a positive association. In a previous study 
conducted in the same geographic location using data from 1989 - 1992, there was also an 
association between PM10 and cardiovascular mortality, although no measures were 
available for PM25 or CP (Ostro et al., 1999b). 

The more recent Coachella Valley study (Ostro et al., 2000), as well as analyses by Pope et 
al. (1999a) and Schwartz et al. (1999), all indicate, however, that high PM days dominated by 
windblown dust were not associated with excess mortality. It is not clear whether these 
findings are due to lower toxicity of crustal particles (relative to those generated by 
combustion processes) or because people change their behavior and reduce exposure on 
windy days. Lippmann et al. (2000) examined the effects of different size cuts of PM using 
mortality data from Detroit and pollution data from the adjacent city of Windsor, Canada. For 
this study, daily data were collected from May to September with every third- or sixth-day data 
during the rest of the year, over a two-year period. No associations were reported between 
all-cause mortality and any PM metrics. However, for cardiovascular mortality, associations 
were reported for CP, but not PM25 Finally, in a study of four years of data from Mexico City, 
CP had a larger impact and stronger association than PM2.5 for all-cause, cardiovascular and 
respiratory mortality (Castillejos et al., 2000). 
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Three separate studies of PM-mortality relationships in Phoenix also demonstrate effects from 
exposure to CP. Mar .et al: (2000) found, stronger associatibns of all-cause mortality with CP 
than with PM25 for individuals 65 and older. Equally strong associations were reported 
linking both PM2.5 and CP with cardiovascular mortality. Using a different statistical model, 
Smith et al. (2000) also found stronger associations and estimated effects between all-cause 
mortality and CP, relative to PM25 Similarly, Clyde et al (2000) also reported stronger effects 
for CP in their analysis of data from Phoenix. Finally, Wichmann et al. (2000) analyzed 
several years of mortality data from Erfurt, Germany. Most of the analysis was focused on PM 
data using a mobile aerosol spectrometer, which provided size-specific number and mass 
concentration data in several size classes. However, filter-based impactor data on PM10 and 
PM25 were collected at the same time. Analyses of these data indicated associations 
between daily cardiovascular or respiratory mortality and PM? 0, PM2.5 and ultrafine particles. 

More mixed results were generated from an analysis of PM25 and CP data from Santiago, 
Chile (Cifuentes et al., 2000). The authors reported that the results were season-dependent. 
PM2.5 had a stronger association with mortality for the year as a whole and in the winter, 
whereas CP had a stronger effect during summer. Lipfert et al. (2000a) analyzed data from 
Philadelphia and the surrounding metropolitan area. For all-cause mortality in Philadelphia, 
stronger associations (based on t-statistics) were reported for PM2.5 than CP, but the effects 
per pg/m3 were of similar magnitude for the two measures. For cardiovascular mortality in the 
seven-county region, PM2.5 had a stronger association and effect size than CP, while for 
respiratory mortality, the .effect size for CP was greater. Finally, in a relatively small data set 
from Pittsburgh, Pennsylvania, Chock et al. (2000) report no clear association between 
mortality and either PM25 or CP for individuals under 75 years old. 

There are several issues related to the interpretation of these studies. For example, in some 
cities, PM2.5 are likely to be correlated with ozone. In ,.Detroit the correlation was 0.49 
(Lippmann et al., 2000) while the correlations between these pollutants in Montreal and 
Toronto were likely to have been higher (Burnett et al., 2000 - only the joint correlation across 
all eight cities was reported). Although several measures of PM were associated with 
mortality and morbidity in Detroit, the effects were less consistent than those observed in 
other studies. Also, when cardiovascular mortality was examined (in a subset of the above 
studies) instead of all-cause mortality, another mixed pattern emerged. For instance, in Santa 
Clara County, Fairley (I 999) reported strong associations between cardiovascular mortality 
and PMIO, but not PM2.5 or CP. In Coachella Valley (Ostro et al., 2000), Mexico City 
(Castillejos et al., 2000) and Detroit (Lippmann et al., 2000), associations were found for 
PM10 and CP, but not PM2.5. In contrast, Mar et al. (2000) reported associations between 
cardiovascular mortality and both PM25 and CP in Phoenix. 

In summary, the relative results of PM2.5 versus CP, as summarized in Table 7.2 and Figure 
7.4, are mixed. In some of the mortality studies, primarily those undertaken in cities on the 
East Coast, PM2.5 effects appear to predominate. In other studies, CP has a stronger 
association with mortality, while in a third set of studies, the effects of PM2.5 and CP are 
similar. However, on average, the effect of a unit mass increase in PM2.5 appears to be 
greater than a comparable increase in CP mass. For the studies summarized in Table 7.2 
and Figure 7.4, the average effect of PM2.5 is about 1.7% per 10 pg/m3, with a range of 
around 0.6 to 5.2%. For CP, the mean effect of the summarized studies is around 1% per 
pg/m3 with a range from less than zero at the low end to 2 to 4% on the high end. Thus, the 
PM2.5 effect generally appears stronger per unit mass, due perhaps to greater intrinsic 
toxicity, greater indoor infiltration rates, lower exposure measurement error, or other factors- 
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Figure 7.4 Daily Mortalitjr increases Associated with Fine ‘and Coarse Pa@cles 

Note: Bar represents 95% confidence interval; small and large dots represent fine and coarse 
particles respectively. 
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7.3.3 Effects by Chemical-specific or Source-oriented Analysis and. by Other Size 
Cuts 

Besides examining the relative impacts of PM25 and CP, several studies have examined the 
effects of chemical-specific constituents, including sulfates and a wide range of elements, 
especially metals. For example, in a study in Santa Clara County, Fairley (1999) examined 
the impacts of nitrates, sulfates, and COH (coefficient of haze). The latter is highly correlated 
with elemental carbon, and is likely to be a good marker of pollution from motor vehicles 
(especially diesel exhaust) and of wood smoke. All three of these constituents of PM25 were 
associated with all-cause mortality, while nitrates were also associated with cardiovascular 
mortality. These findings were consistent with those in the Netherlands, where associations 
were reported for sulfates, nitrates, and black smoke (Hoek et al., 2000). In a study in Buffalo, 
Gwynn et al. (2000) reported effects on total mortality for COH, sulfates and hydrogen ion, a 
measure of aerosol acidity, Lippmann et. al. (2000) did not find associations of mortality with 
sulfate or hydrogen ion in Detroit, although only limited data for these pollutants were 
available. In their study of the eight largest Canadian cities, Burnett et al. (2000) examined the 
impact of 47 separate elements within PM2.5 and CP. Among the constituents in the fine 
fraction, sulfates, zinc, nickel and iron were all associated with mortality, as was COH. These 
elements are associated with a wide range of sources, including, among those relevant to 
California, oil combustion, road dust, tire wear, and incinerators (Burnett et al., 2000). 

Several studies also examined source-oriented combinations of pollutants. For example, 
Ozkaynak and Thurston (1987), used 1980 U.S. vital statistics data in a cross-sectional 
analysis of air pollution and mortality. Applying fine particle source apportionment techniques, 
particles from industrial sources (e.g., iron and steel emissions) and from coal combustion 
were more significant contributors to mortality than were soil-derived particles. Laden et al., 
(2600) examined’ PM2.5 data -from’ the H&v$rd Six-Cities study, and characterized the 
pollutants into three different factors: motor vehicle emissions, coal combustion, and soil and 
crustal material. Generally, both the motor vehicle and coal factors were associated with 
mortality, with the strongest effect from the former. The crustal material in PM2.5 was not 
associated with mortality. In a study with a limited number of days in three New Jersey cities, 
Tsai et al. (2000) examined the effects of source-type components on mortality. Using factor 
analysis, this study reported associations of sulfates and motor vehicle tracers with both all- 
cause and cardiopulmonary mortality. Ozkaynak et al. (1996a) also reported associations 
between pollutants linked with motor vehicles and total, cardiovascular and respiratory 
mortality. 

Finally, Wichmann et al. (2000) examined the effects of PM2.5 mass as well as ultrafine 
particles (0.01 to 0.1 pm) for the small German city of Erfurt. The number rather than the 
mass of ultrafine particles was used as the exposure measure. For this study, three different 
size classes of ultrafines were measured, including 0.01 to 0.03 pm, 0.03 to 0.05 pm, and 
0.05 to 0.1 pm. The authors reported that both PM25 mass and several measures of 
ultrafines were associated with daily mortality. 

Several studies have indicated a potential role for high concentrations of acidic sulfates in 
excess human mortality, particularly in London in the 1950s and 1960s (Thurston et al., 1989; 
Ito et al., 1993). More recent studies of cities in North America with lower acidic sulfate levels 
have been inconsistent (Docket-y et al., 1992; Burnett et al., 2000; Lippmann et al., 2000, 
Gwynn et al., 2000). For instance, Dockery et al. (1992) found that PM10 concentrations 
showed a stronger relationship with daily mortality in St. Louis than did ambient sulfate levels. 
As noted above, Lippmann et al. (2000) did not find an association of sulfates with mortality in 
Detroit. In contrast, Gwynn et al. (2000) in a time-series analysis in Buffalo, NY, found 
stronger relationships between both acid particles and sulfates and respiratory mortality than 
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that observed for PMlO. However, she and, her colleagues found no relationship between 
sulfates and circulatory (cardiovascular), mortality. Burnett. et al. (2000) found associations 
between sulfates and mortality in eight Canadian cities. Thus, strong acid sulfates may, play a 
role in the observed PM-mortality associations, particularly in urban areas with elevated levels 
of these sulfate classes. However, it should be noted that in California, strong acidic sulfates 
(particularly sulfuric acid) constitute but a small fraction of PM mass (Chapter VI). 

7.3.4 Mortality Displacement 

Additional support for pollution-related mortality occurring outside of the hospital and for the 
likelihood of significant shortening of life is provided by recent studies reporting associations 
between ambient PM and increased heart rate, decreased heart rate variability, and the 
incidence of arrhythmias (Liao et al., 1999; Pope et al., 1999b, c; Peters et al., 2000a; Gold et 
al., 2000; see section 7.7). These outcomes are considered reliable predictors of the ,risk of 
death from heart disease (See, e-g., Tsuji et al., 1996; Nolan et al., 2000). Direct evidence for 
a nontrivial reduction in life expectancy is provided by studies that statistically control for the’ 
phenomenon of mortality displacement; i.e., in which the time of death might be delayed by 
only a few days. If all pollution-related deaths were associated with such mortality 
displacement, the total life shortening would likely be very small. However, both Schwartz 
(2000~) and Zeger et al. (1999) have shown, using both frequency- and time-domain 
methods, that most air pollution-associated mortality is not due to such displacement. For 
cardiovascular deaths, mortality displacement does not appear to be a major factor, as the 
average life-shortening appears to be greater than two to three months. In contrast, deaths 
from chronic obstructive pulmonary disease (COPD, which consists mainly of emphysema 
and chronic bronchitis) appeared to be more consistent with a mortality displacement 
hypothesis (Schwartz, 2001 a, 2000~). 

The possibility of significant loss in life expectancy is suggested by studies indicating that 
death occurring outside of a hospital had larger (two- to four-fold) and stronger associations 
with PM than did deaths occurring inside hospitals (Schwartz 200la, 2000~). This suggests 
that some of the impacts of PM occur among a subgroup that is not under intensive medical 
care, and may not be at the end-stage of their disease. However, it is possible that some out- 
of-hospital deaths may have occurred among the large contingent of uninsured people in the 
U.S., who perhaps should have been under medical care. 

Finally, evidence of a significant loss in life-years from air pollution is provided by studies of 
infants and children (see section 7.7.3). Several recent studies suggest that exposure to PM 
may result in neonatal or infant mortality (for example, Woodruff et al., 1997; Ostro et al., 
1999a; Bobak and Leon, 1998). These studies indicate that infants and children, possibly 
those with pre-existing respiratory illness, may represent an additional subgroup especially 
sensitive to effects of exposure to ambient PM pollution. 

7.3.5 Analysis of Thresholds 

For short-term exposure to PM, two general methods, are available to address the issue of the 
existence of a threshold, or an ambient PM level below which there would be no risk of a 
significant adverse health outcome. First, it can be examined indirectly, by considering data 
sets with very low mean ambient concentrations. Second, it can be examined directly by 
developing statistical tests that carefully model the shape of the concentration-response 
function. Both of these approaches appear to indicate the lack of an observable population 
threshold. Several studies have been conducted in cities with low ambient concentrations of 
PM1 0, including Morgan et al. (1998) for Sydney, Australia (mean = 18 pg/m3, based on 
conversion from co-located nephelometry data), Wordley et al. (1997) for Birmingham, UK 
(mean = 26 pg/m3), Schwartz et al. (1996) for the Harvard Six-Cities (mean = 25 pg/m3), 

,z 
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Burnett et a!. (2000) for the eight largest Canadian cities (mean =26 pg/m3), and Gwynn et al. 
(2000) for Buffalo and Rochester (mean = 24 Gg/m3). In addition, several cities in the data set 
used by Samet et al. (2000a) have mean concentrations in the low 20s. Examination of these 
data indicates that the concentration-response functions are not driven by the high 
concentrations and that the slopes of these functions do not appear to increase significantly at 
higher concentrations. 

Among the statistical approaches, Schwartz et ,al. (2000a) examined the concentration- 
response relationship in 10 U.S. cities, restricting the data to days on which the PM10 
concentration was less than 50 pg/m3. The resulting risk estimates were statistically 
significant and greater than for that for the entire data set. Two other papers first addressed 
the issue of whether existing statistical techniques could identify a threshold, assuming one 
existed. Cakmak et al. (1999) simulated data with varying amounts of exposure measurement 
error, based on actual data from Toronto. They examined whether statistical models used in 
most air pollution epidemiology (including locally weighted smoothing techniques in Poisson 
regression models) would be able to detect thresholds in the PM-mortality association. They 
concluded that, if a threshold existed, it is highly likely that’ the existing statistical modeling 
would detect it. Many mortality papers have, in fact, examined the shape of the concentration- 
response function and indicated that a linear (non-threshold) model fit the data well (Pope, 
2000). 

A different statistical approach was used by Schwartz and Zanobetti (2006) in their analysis of 
10 U.S. cities. The authors combined concentration-response curves across the cities, after 
demonstrating that this approach produced unbiased estimates. Predicted values of the 
response function were estimated at 2 pg/m3 intervals. Results from this approach did not 
provide any evidence for a threshold effect. Finally, ,Danie!s et al.’ (2000) used an alternative 
apprdach to test for the existence of a threshold using the 20 largest cities in the ‘U.S.” Ttie 
authors considered three different log-linear regression models. One used a simple linear 
term for PM1 0, which could then be used as a basis for comparison with the other models. A 
second model used a cubic spline model that would allow for nonlinearity in PM10 that could 
represent a threshold function. The third model presumed a threshold, in which a grid search 
was used to test for a concentration that would support a threshold. The results indicated that 
for the second model, which can allow for a threshold if the underlying data suggest one, a 
linear specification provided the best fit to the data. Ana!ysis using the grid search model 
suggested that no threshold was apparent for either total mortality or cardiopulmonary 
mortality. Finally, using a goodness-of-fit test (Akaike’s information criterion) to compare the 
simple linear nonthreshold model with models that would allow for a threshold concentration, 
the authors reported that there was no evidence to prefer the threshold models to the linear 
model. 

Schwartz et al. (1996) examined the relationship of PM2.5 concentrations and daily mortality 
in the Harvard Six Cities dataset. When they restricted the analysis to days on which the 
PM25 24-hour average concentrations equalled or exceeded 30 or 25 pg/m3, Schwartz et al. 
(1996) reported that the strong association persisted, suggesting that, if there is a threshold of 
effect, it cannot be found at concentrations in excess of 25 pg/m3. On the other hand, Smith 
et al. (2000) statistically examined,the threshold issue in data on mortality and ambient PM25 
from Phoenix, AZ. They reported evidence of a significant change in the regression slope at 
a concentration of around 20 to 25 pg/m3 PM2.5, suggesting the possibility of a threshold in 
this range. However, to our knowledge, this is a (nearly) unique publication reporting such a 
finding. Staff from OEHHA and the Bay Area Air Quality Management District (BAAQMD) 
analyzed data from the two published California studies involving 24-hour measurements of 
PM25 and daily mortality counts (in Coachella Valley [Ostro et al., 20001 and Santa Clara 
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County [Fairiey, 19991). The modeling techniques used for the exposure-response functions 
included piecewise linear’ regression (e.g., utilizing several “‘hockey-stick” models), locally 
weighted smoothing in generalized additive models, trimming analysis (selectively deleting 
days with high PM25 values), and Bayesian models (comparing the likelihoods of various 
thresholds) to explore the evidence for a nonlinear exposure-response at low PM25 
concentrations. In general, staff found that a linear, nonthreshold model within the 
concentration range of interest for PM2.5 provided an adequate fit to the data, while threshold 
(or other nonlinear) models provided no better fit. Except for the report of Smith et al. (2000), 
it appears that the relationship between daily mortality and PM25 can be well characterized 
by a nonthreshold model, consistent with the findings reported by others for PM10 (see 
above). 

7.3.6 Summary 

Staff concludes the following from the above results: 

l The associations observed between daily changes in PM10 and mortality appear to be 
independent of the effect of weather factors, seasonality, time, and day of week - all of 
which are typically controlled for in the analyses. The studies include a wide range of 
environments, pollution-temperature conditions, population age distributions, background 
health conditions, socioeconomic status, and health care systems. The range of the 
association is approximately 0.5% to 1.6% increase in mortality per 10 pg/m3 increment of 
PMIO. However, when longer exposure averaging times are examined, using distributed 
lags of several days or cumulative exposures of up to several months, the estimated 
effects may be approximately 2% per 10 pg/m3. Although the relative risk per unit is low, 
the large number of people exposed suggests the existence of a potentially major impact 
on public health. 

l The effects of PM cannot be explained by exposure to other pollutants- As might be 
expected, examining several correlated pollutants in the same model often increases the 
variation of and attenuates the estimated PM effect. However, the estimated PM impact is 
generally consistent regardless of the concentration of, or degree of co-variation with, 
other pollutants, giving strong support to an independent effect of PM. 

l The elderly, those with chronic heart or lung disease, and infants appear to be at 
significantly greater risk of PM-associated mortality.. Study results suggest that some, and . 
perhaps a large fraction of, mortality associated with acute exposure is not the result of 
just a few days of life shortening. Rather, for cardiovascular mortality, there is evidence 
that significant reductions in life expectancy may be involved. In addition, if the 
associations between PM and infant mortality represent causal relationships, large 
reductions of life expectancy could result, as well. 

l The effects associated with short-term exposure to PM appear to occur at current ambient 
concentrations, including cities or counties where the long-term mean PM1 0 concentration 
is around 25 to 35 pg/m3 (Figure 7.1). As suggested by Figure 7.2, greater uncertainty is 
apparent with decreasing concentrations, particularly those below about 25 pg/m3. 

l No threshold of response has been observed in the PM-mortality studies. Several direct 
and indirect approaches have consistently found that non-threshold, linear models provide 
the best fit to the data. 

l Premature mortality appears to be associated not only with PMIO, but also with both fine 
and coarse particles, as well as sulfates (a subset of PM2.5). The effects per unit mass 
appear to be greater for PM2.5 than CP; this may be due to intrinsically greater toxicity of 
PM2.5 versus CP, but may also be attributable to differential measurement error in 
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monitoring for CP than ‘for PM2.5, or greater indoor infiltration rates of PM2.5 versus CP 
(and therefore greater bverall exposure to PM2.5), or to some combination.of.these three. 
In addition, there is preliminary evidence that pollutants from mobile sources, oil burning, 
steel industry emissions, and coal combustion are associated with mortality. Crustal 
materials, particularly those entrained on windy days, have been reported by several 
investigators to be less strongly associated with premature mortality. 

7.4 Chronic Exposure - Mortality 

7.4.1 Study Design and Methods 

Several air -pollution studies examine the effects of long-term exposure to PM using a 
prospective cohort design. In this type of study, a sample of individuals are selected and 
followed over time. For example, Docket-y et al. (1993) published results for a ‘I 5-year 
prospective study based on approximately 8,000 individuals in six cities in the eastern United 
States. Pope et al. (1995) published results of a ‘I-year prospective study of the mortality 
experience of a,pproximately 550,000 individuals in 151 cities in the United States using a 
cohort participating in a long-term investigation sponsored by the American Cancer Society 
(ACS). These studies used individual-level data so that other factors that affect mortality can 
be characterized and adjusted for in the analysis. Specifically, these studies were able to 
control for mortality risks associated with differences in body mass, octiupational exposures, 
smoking (current and past), alcohol use, age, and gender. Once the effects of individual-level 
factors were determined, the models examined whether longer-term city-wide averages in PM 
(measured as PMIO, PM2.5 or sulfates) were associated with different risks of mortality and 
life expectancies. Several different cause-specific categories of mortality were examined, 
including lung cancer, cardiopulmonary, and all other &uses. These studies incorporate 
much; but n6t ‘aI, of.the impact assoeia%d with short-term exposures (Kunzii ‘et al., 2001). An 
effect that would tend not to be included in the long-term studies is mortality displacement of a 
very short-term nature, such as a few days. These effects would not alter the differences in 
overall life expectancy predicted by the longer-term studies. 

Statistical analysis used proportional hazards regression modeling with time since enrollment 
as the underlying time variable. The study samples were stratified by combinations of age (5- 
year groups), gender and race. Additional analyses were undertaken after stratifying the 
samples by smoking habit and gender. The greatest uncertainties in these studies involve the 
disease-relevant times, durations, and intensities of exposure. Both studies assigned city- 
wide, multi-year averages that occurred when the study participants were young to middle- 
aged adults (between ages 20 and 50, approximately). Thus, early childhood exposure was 
not estimated and no within-city differences in exposure were incorporated into the analysis. 
These errors in exposure assessment would tend to make it more difficult to detect an effect 
of pollution and’would bias the analysis towards the null hypothesis of no effect. Therefore, it 
is unlikely that bias or misclassification of exposure could explain the results. 

7.4.2 Summary 

Both the ACS and Harvard Six-Cities studies report robust and statistically significant 
associations between several years of exposure to PM and various measures of mortality. 
Smoking was the dominant factor in explaining mortality patterns, overall and for each of the 
cause-of-death categories. ,Regarding air pollution effects, Dockery et al. (1993) reported 
associations between total mortality and PMIO, PM2.5, and sulfates. An association with CP 
is also apparent (U.S. EPA, 1996). Smaller associations were found with total suspended 
particles, sulfur dioxide, nitrogen dioxide, and aerosol acidity, but no association was found 
with ozone. Using a model that included smoking and other non-pollution explanatory 
variables, all-cause mortality and cardiopulmonary deaths (but not “all other causes”) were 
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both related to sulfates and PM25 In additional analyses, PM25 was -associated with 
cardiopulmonary mortality but not with “all other” mortality. In this study, PM25 concentrations 
ranged from 11 to 29.6 pg/m3 (with a mean of 18 pg/m3) and PM10 ranged from 18 to 46.5 
pg/m3 (with a mean of 30 pg/m3). It should be noted that these pollutants were measured only 
for part of the follow-up time for this cohort: while the mortality experience in the Six Cities 
covered the years 1974 - 1991, PM25 and PM10 were measured from 1979 through 1985, 
while sulfates were measured from 1979 through 1984. During these pollutant measurement 
periods, the concentrations of PM2.5 and sulfates remained relatively stable; nevertheless, 
the effects of exposures prior to the study could not be evaluated with this data set. 

In the study-using the ACS cohort, Pope et al. (1995) reported associations between fine 
particles and sulfates with both all-cause mortality and cardiopulmonary mortality. Across the 
50 cities with PM2.5 data, PM25 ranged from 9 to 33.5 pg/m3, with a median of 18 and a 
mean of 20 pg/m3. For the 151 cities with sulfate data, sulfates ranged from 3.5 to 23.5 pg/m3 
with a mean of 11 pg/m3. Exposure data collection was not concurrent with the mortality 
incidence data: annual arithmetic mean sulfate data were obtained for the year 1980, while for 
PM2.5 the investigators used the city-specific medians of data collected from 1979 to 1983. 
Mortality among the cohort, meanwhile, was assessed from September 1982 through 1989. 
The relative risk estimates for this study were smaller than those reported from the Six-Cities 
study but the confidence intervals around the relative risk estimates overlapped enough that 
the results were statistically indistinguishable. The estimated mortality effects of 
approximately 4 to 7% per IO pg/m3 of long-term exposure to PM1 0 are much larger than 
those effects associated with daily exposure (approximately 1% per IO pg/m3). These studies 
also provide a basis for calculating reductions in life expectancy associated with PM 
exposure. The results suggest that the 24 pg/m3 difference in PM2.5 between the cleanest 
and dirtiest cities is associated with an almost l-5-year difference in life expectancy (Pope, 
2000). Brunekreef (1997) used a life-table for men in the Netherlands and estimated a 
difference of I .I years in life expectancy between the two extreme cities in the ACS study. In 
addition, the difference in life expectancy of a person who actually died from diseases 
associated with air pollution-was estimated to be about IO years. This is because air pollution- 
related deaths only make a small fraction of the total deaths in a given city. Subsequent 
analysis by Pope and colleagues (reported in Krewski et al., 2000) demonstrated an 
association between mortality and PM, when PM25 was used as the metric of exposure. No 
association was found, however, when either PM15 or the coarse particle fraction measured 
as PM15 - PM2.5 was used. 

Krewski et al. (2000) completed an independent validation and reanalysis of both the Six- 
Cities and the ACS cohort studies. The first task of this study was to recreate the data sets 
and validate the original results. Krewski et al. (2000) reported few errors in the coding and 
data merging in the original studies and basically replicated the results of both studies. The 
second task was to conduct an exhaustive sensitivity analysis of the original studies to 
determine whether the results were robust. Specifically, the authors examined the effects of: 
(I) alternative statistical models; (2) potential individual-level interactions and confounders 
such as physical activity, education, body mass, smoking status, marital status, alcohol 
consumption and occupational exposure; (3) potential city-wide confounders such as 
population growth, income, weather, number of hospital beds and water hardness; (4) 
consideration of various subgroups; (5) non-linear specifications in the dose-response 
function that would allow for the possibility of a threshold; (5) co-pollutants, including ozone, 
sulfur dioxide and nitrogen dioxide; (6) alternative PM exposure estimates, including different 
years and particle sizes; (7) underlying variation from city to city; (8) spatial correlation 
between cities; and (9) time-dependent variables such as air pollution exposure and individual 
risk factors that change over time. In general, the re-analysis confirmed the original results of 

7-32 



associations between mortality and long-term exposure to PM. However, in some cases, the 
adjustment for spatialcorrelation led to an attenuation of the effect of PM25 or,sulfates. Also, 
inclusion of S02, which was likely to be highly correlated with PM2.5 and sulfates, into’the 
model reduced the estimated effect of both PM2.5 and sulfates. Among the more important 
new findings were: (i) education (possibly serving as a marker for socioeconomic status, 
health care or lifestyle factors) appears to be a significant effect modifier (see section 7.7.2 
below); (2) PM25 was more strongly associated with mortality than was either PM10 or CP; 
(3) the results were not confounded by either individual-level or city-wide (ecological) 
covariates; (4) the associations between sulfate and PM2.5 and both all-cause and 
cardiopulmonary mortality were near linear within the relevant ranges, with no apparent 
threshold; (5) the PM effects were not confounded by and were independent of effects of 
other pollutants, (6) the effects were robust with respect to alternative functional forms, 
alternative air pollution data, and detailed spatial analysis; and (7) the results of the original 
investigators were confirmed. 

Chronic exposure to PM was also examined using a smaller and younger nonsmoking cohort 
participating in the Seventh Day Adventist Health Study (Abbey et al., 3999). For the years 
prior to 1987, PM10 data were unavailable and were estimated from TSP concentrations. In 
this study, neither mean PM10 nor sulfate concentrations were associated with mortality. 
However, using the particle exposure metric of the number of days when PM10 levels were 
above 100 pg/m3, an interquartile range of 43 such days was associated with both all-cause 
and nonmalignant respiratory mortality in males, but not females. In a follow-up study using a 
subset of the cohort living near airports, estimates of PM2.5 were developed from data on 
airport visibility (McDonnell et al., 2000). PM10 was again estimated from season- and city- 
specific regressions using TSP data. Positive but nonstatistically significant associations were’ 
found between all three measures of PM (PM-ICI, CP and PM2.5) and .both &cause and 
respiratory mortality in males. Although the mean of the estimated value of PM10 was 
relatively high in these studies (i.e., 51 pg/m3 in Abbey et al,, 1999 and 59 pg/m3 in McDonnell 
et al,, 2000), most of the measures of PM10 were estimated from either TSP or from airport 
visibility. This process added errors in the measuroment of exposure which would likely lead 
to a lowered effect estimate. 

Finally, preliminary results of a study of long-term exposure among a cohort of 50,000 men 
assembled by the U.S. Veterans Administration (VA) from 32 clinics in the mid 1970s has 
been reported by Lipfert et al. (2000b). The study cohort included a larger proportion of 
African-Americans (35%) than the U.S. population as a whole, and a large percentage of 
current or former smokers (81%). The cohort was selected at the time of recruitment based 
on their having mild to moderate hypertension and on their receiving care at VA facilities. 
Many individual-level risk factors were not ascertained, so socioeconomic variables were 
assembled at the zip-code, census tract and county levels. County-wide pollutant levels 
based on county of residence at the time of entry into the study were obtained for TSP, PMlO, 
PM25 PM15, PM15-2.5, S04, 03, CO, and NOz. PM2.5 data were available for only 26,000 
men. Four different exposure periods were examined (1974 and earlier, 1975-81, 1982-88, 
1989-96) with three sequential mortality follow-up periods (1975-81, 1982-88, 1989-96). In 
addition, analysis was conducted using the entire follow-up period, not disaggregated into 
separate periods. The final proportional hazards regression model involved 233 terms, 
including age, systolic and diastolic blood pressures, body mass index, height, race, age and 
race interaction terms, present or former smoking, average zip-code education, and poverty, 
and a clinic-specific variable. The most consistently positive effects were found for ozone and 
nitrogen dioxide exposures in the years immediately preceding death. When the PM 
analyses used segmented (shorter) time periods, the results were highly variable, including 
significantly negative mortality coefficients for some PM metrics. However, when methods 
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consistent with previous long-term exposure studies were used (i.e., the -entire follow-up 
period of mortality as a function of average PM concentrations. over several years), results for 
sulfates, PM25 and PM15 were similar to those reported in previous studies. 

7.5 Daily Exposure - Morbidity 

Over the last decade, several hundred epidemiological studies have reported associations 
between alternative measures of PM and a range of morbidity outcomes- The PM measures 
have included PMlO, black smoke (ES), COH, sulfates , more recently, PM25 and CP. The 
health outcomes associated with PM include, but are not limited to, hospitalization for 
cardiovascular or respiratory disease, emergency room and urgent care visits, asthma 
exacerbation, acute and chronic bronchitis, restrictions in activity, work loss, school 
absenteeism, respiratory symptoms, and decrements in lung function. Typically, these studies 
have involved either of two analytic methods. First, many of the outcomes use a methodology 
similar to that described above for mortality related to short-term exposure -- time-series 
analysis of daily count data. Specifically, daily counts of an endpoint such as hospitalization 
for cardiovascular disease are examined in response to single- and multi-day average 
concentrations of PM. As in the case of mortality, these models also control for potential 
confounders, such as season, meteorology, day of week, and time trends. A second 
approach involves the use of panel data, in which a cohort of subjects (e.g., asthmatic 
children) is followed prospectively over a period of several months or years while daily health 
outcomes and pollution measures are recorded and then compared. In the following 
subsections, we briefly review some of the important health outcomes, with particular 
attention given to studies undertaken in California. The review is not meant to be exhaustive, 
but rather to illustrate the range and consistency of morbidity effects associated with PM10 or 
its components. 

7.51 Cardiovascular Hospital Admissions 

Associations between daily concentrations of PM10 and daily hospital admissions for 
cardiovascular disease have been reported for close to a hundred cities in the US, Canada 
and Europe (Table 7.3). As is the case for ‘the mortality studies related to short-term 
exposure, there are several multi-city efforts (Schwartz et al., 1999; Samet et al., 2000a; 
Zanobetti et al., 2000a). For example, Schwartz et al. (1999) examined daily hospital 
admissions for cardiovascular disease (ICD9 codes 390 - 429) from 1988 to 1990 among 
persons above age 65 for eight metropolitan areas, including Chicago, Colorado Springs, 
Minneapolis, New Haven, St. Paul, Seattle, Spokane, and Tacoma. For five of the cities and 
for the effect estimate pooled across all eight cities, statistically significant associations were 
reported with PM1 0. Across the cities, a IO pg/m3 change in PM1 0 was associated with about 
a 1% change in hospitalization for cardiovascular disease. The median PM1 0 concentration in 
these cities ranged from 23 to 37 pg/m3. 

Samet et al. (2000a) examined data on .hospitalizations for cardiovascular disease among 
people 65 and older in 14 U.S. cities from 1985 to 1994. The cities were located throughout 
the U.S., though none was in California. Again, a statistically significant association was 
reported across the cities with a pooled effect estimate of 1 .I% per 10 pg/m3. The estimate 
increased to 1.5% per 10 ;ug/m3 when a two-day average of PM1 0 was used and PM10 was 
restricted to concentrations less than 50 pg/m3. For these cities, the long-term mean PM10 
ranged from 24 to 45 pg/m3, with a group mean of 33 pg/m3. Zanobetti et al. (2000a) 
essentially confirmed the Samet et al. (2000a) results and also demonstrated that other 
pollutants such as carbon monoxide, ozone and sulfur dioxide were not confounding or 
modifying the estimated effects of PMIO. Burnett et al. (1997a) also reported an association 
between PM, measured as COH, and congestive heart failure (ICD9 = 427) for those ages 65 



and above living in Canada!s 10 largest cities, from 1981 to 1994. The effect size was similar 
to that reported for PM10 ii7 the U.S. studies. Similar results have been reported between PM 
and either total cardiovascular disease or subsets thereof (e.g., heart failure or‘ischemic heart 
disease) in a disparate range of cities including, but not limited to: Detroit (Lippman et al., 
2000), Tucson (Schwartz, 1997), Toronto (Burnett et al., ‘l997b), London (Atkinson et al., 
1999), Edinburgh (Prescott et al., 1998), Sydney (Morgan et al., 1998), Chicago (Morris and 
Naumova, 1998) and Hong Kong (Wong et al., 1999). In addition, Stieb et al. (2000) reported 
associations between emergency department visits for angina or myocardial infarction and 
both PM10 and PM25 

Among California cities, associations have been reported between PM10 and hospitalization 
for total cardiovascular disease, myocardial infarction, congestive heart failure and cardiac 
arrhythmia among individuals above age 30 in Los Angeles (Linn et al., 2000). Daily 
gravimetric measures of PM10 were estimated from TEOMs and averaged 37 pg/m3 in the 
winters to 54 pg/m3 during autumn. In another study of Los Angeles’ hospitals, Moolgavkar 
(2000b) repotted associations between PM10 and total cardiovascular admissions among 
people ages 20 to 64, and among those 65 and above. Mean PM10 was 44 pgim3. The effect 
magnitudes of PM10 estimated for Los Angeles were generally similar to those reported for 
other studies in the U.S. -- a 0.6 to 2% increase in cardiovascular hospitalizations per 10 
pg/m3 of PM1 0. 

Only a few cardiovascular admissions studies have measured PM25 and CP concentrations. 
However, among those that measured different particle sizes, Lippmann et al. (2000) reported 
associations of hospitalizations for heart failure and ischemic heart disease with both PM2.5 
and CP in Detroit. Likewise, Burnett et al. (1997b) found associations between 
hqspitzjirations fqr, total cardiovascu@r qndjtiin?, heart failure, dysrhythmias, a$ ischemic ., 
heart disease and both PM2.5 and CP in Toronto. Finally, in the Moolgavkar (2000b) study in 
Los Angeles, an association was reported between PM2.5 and cardiovascular hospital 
admissions for the 20 to 64 age group, and for the group aged 65 and above. Estimates for 
CP were not provided. Gwynn et al. (2000) found little evidence of a relationship between 
PM1 0 or sulfates and circulatory (cardiovascular) hospital admissions. 

In summary, studies over the past several years consistently report associations between 
PM10 and hospitalization for total cardiovascular disease and several of its specific 
components, such as congestive heart failure and ischemic heart disease. These effects have 
been mostly reported among people above age 65, a group that dominates the prevalence of 
cardiovascular diseases. For many of these studies, the long-term mean PM10 ranged from 
25 pg/m3 to 40 pg/m3, although studies of cities with reported means below and above this 
range exist, as well. Most of the studies carefully controlled for the potential confounding of 
weather, season, time, and co-pollutants. Overall, PM10 is consistently associated with these 
clinically significant cardiovascular endpoints, with a general effect estimate of between 0.6 to 
2% per 10 pg/m3. These relatively low risk estimates, however, are shared over a. large 
segment of the population regularly exposed to PM who has pre-existing cardiovascular 
disease. Based on the few studies that have measured both fine and coarse particles, 
associations are apparent between hospital admissions for cardiovascular diseases and both 
of these exposure measures. In these studies, mean PM25 ranged from 17 pg/m3 to 22 
pg/m”. Finally, as indicated in section 7.3., associations between daily or multi-day exposure 
to PMIQ and cardiovascular-related mortality have also been reported. In addition, section 7.8 
includes a summary and discussion of several of the other cardiovascular outcomes 
associated with PM such as changes in heart rate, heart rate variability, arrhythmia, heart 
attacks, and blood viscosity. The coherence of the mortality and morbidity results provides 
compelling evidence of an effect of PM. 
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Table 7.3. Summary of Cities Included in Studies of Short-term Exposvre & Hospital 
Admissionj for PMIO, PM23 (FP) and Coarse Particles (CP) 

City/Region rime Period Reference Age Endpoint* and % Increase Particle 
Group (95% Cl) per 10pg/m3 Twe 

ondon 

oronto metro 
rea 

..- .-. ..- 
oronto metro 
rea 

992-94 

tkinson et al., 1999 
._ 

;umett et al., 1997b 

I A 

B 

B 

B 

C 

C 

c 

l- 

l- 

L 

_. 

L 

311 ages 

III ages 

. ._ 

~ 992-94 Iumett et al., 1997b alI ages 

. ._ _. _ 
.oronto metro 
rea 

flontreal 

flontreal 
-.- 

$uffalo 

,_-.__-. -~_ 
.ondon 

_ ..- _.._ _ . . 
.ondon 

.._ 
,992-94 
_..._ _ .-_ 
jummers 
1992-93 

jummers 
1992-93 

Jlay 1988- 
)ct 1990 

lumett et al., 1997b 311 ages 
_ _ ,_- - 

relfino et al., 1997a 
..-.- .._. - 

Jnder 65 

-. _. .._ ___ _ 

;wynn et al., 2000 

Jnder 65 

alI ages 

1992-94 

I992794 
_.. 

1992-95 

-- _._. - _ 

1992-94 

-_ .--_... 
lajat et al., 2001 

.os Angeles, 
:A 

.._ .._. --_-. 

iajat et al., 2001 
._ ..- -- 

.inn et al.. 2000 

I-14 
-- .._“. _._- 
15-64 

30 & oldei 

__._.. --.-_ 

Detroit, MI .ippmann et al., 200C 55 & olde 

Detroit, MI 1992-94 L .ippmann et al., 200( 55 & olde 

If: 0.64(0.18, 1.10) 
_ ._. _ .- 
:V: 5.40(2.20,8.80) 

?esp: 5.00(2.08,8.00) 
_--.-_----.-.--.--.-.- -. 
:V: 2.36(0.72,4.08) 

iesp: 3.40(1.36,5.52) 
-. .__ . __ .--. -. - -... - 
iesp: 2.12(0.90,3.42) 

iesp-ED: g-56(1.96, 17.12) 

?esp-ED: 7.32(2.00, 12.64) 

X: l-14(-0.66, 3.10) 

?esp: 2.20(0.80,3.60) __----_.--- -..- .._.. 
iesp-Allergic Rhinitis Dr 
/isits:5.67(2.21,9.45) _.__- ---.--..- 
2esp-Allergic Rhinitis Dr 
iisits:6.85(4.59,8.66) _- .-__- -.--.-- . 
X’: 0.65(0.41,0.89) 

sesp: 0.66(0.34,1.00) 
____. ---___ ..-- -. 
ZV-Dys: O-08(-4.88,5.76); 
iF: 2.08(-l -32, 5.80); IHD: 
L20(1.08,7.56); Stroke: 
I .96(-l .88,6.20) 

?espCOPD: 3.72(-l .76, 
10.00); Pneu:4.80(0.32, 
3.60) 
_-. ___-.--_-._. _. 
X-Dys: 1.28(-2.60,5.60); 
-IF: 3X4(0.96,6.48); IHD: 
I .72(-O-56,4.1 6); Stroke: 
1.72(-2.12,3.76) 

iespCOPD: 2.20(-l .88, 
I.8O); Pneu: 5.20(1.48, 
1.80) 

F 

( 

F 

F 

F 

F 

F 

F 
. 

F 

F 

_ 

( 

_ 

F 

‘Ml0 

:P 

:P 

‘Ml0 

‘P 

‘Ml0 

‘Ml0 

‘Ml0 
..-. 

‘Ml0 

‘Ml0 

._ .._ ..- -- 

:P 

‘P 

19 

2 

7 

-. 
18 

2 

12 

2 
- 

1 

_ .- 

1 

._. 
2 

--_ 
1 

2 

2 

..- 
2 

2 

4 

1 

14 

19 
_.._- 
19 
_.. 

16 

-.. ._ 

2 

8 
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City/Region 

Ietroit, Ml 

Santa Clara Co 
:A 

=aris 

Zook Co, IL 

_ ~_ ._. _. 
-OS Angeles 
Eo, CA 

Los Angeles 
co, CA 

LOS Angeles 
Co, CA ._ 
Lbs Angeles 
Co, CA 

Los Angeles 
Co, CA 

Los Angeles 
Co, CA 

Los Angeles 
Co, CA _. _ 

Los Angeles 
Co, CA 

Los Angeles 
Co. CA 

Maricopa Co, 
AZ 

Minneapolis/St. 
Paul, MN 

Birmingham, Al 

rime Period 

992-94 

Vinters 
988-92 

991-95 

987-95 

,. 
987-95 

907i5- 

987-95 - 
-.. 

I 987-95 

1987-95 

1987-95 

1987-95 
“.. ._“. 

1987-95 

1987-95 

1987-95 

198691 

1986-91 

Reference 

.ippmann et al.. 200C 

.ipset: et a:. , 1997 

Aedina et al., 1997 

Aoolgavkar. 2000b 

doolgavkar. 2000~ 
-.. 
fioolgavkar, 2000~ 

vloolgavkar, 2000~ 

wloolgavkar. 2000~ 

tioolgavkar, 2000b 

tioolgavkar, 2000b, ( 

tioolgavkar, 2000~ 
.-_. 

vloolgavkar, 20QOb, ( 

Vloolgavkar, 200Ob, ( 

Woolgavkar, 2000b 

lVloolgavkar et al., 
1997 

Moolgavkar et al., 
1997 

Age 
GbWp 

5 & older 

311 ages 

311 ages 

35 8 older 

.., __ 
I-19 

?O-64 

IO-64 

55 8 older 

_..- .._.. - 
l-19 

20-64 

65 & oldel 

65 & oldel 

65 & oldel 

Endpoint* and % Increase 

(95% Cl) per 10pg/m3 

X-Dys: 0.58(-l .63,2.74); 
-II=: 1.94(0.04,4.02); IHD: 
I .78(0.10,3.60); Stroke: 
1.96(-l .‘I 0, 3.24) 

?espCOPD: 1.92(-l .02, 
5.40); Pneu: 4.40(1.66, 
‘.20) __ -___ 
?esp-Asthma ED Visits: 
j.94(3.20, 11.30) ._._ 
Resp-Asthma House Visits:.. 
X4(0.82,4.38) . _” 
zv: 0.84(0.60, 1 .lO) 

Resp-COPD:0.40(-0.04, 
1.86) 
._.-l.“.l - ._..........___.... ...” . 
Resp-COPD: 6.84(3.56, I 
10.32) 
-._---..-_....,...., .” ,. . “. .- 
Resp-COPD: 3.60(1.20, 
5.12) _...._.__.... _. ..I _ - 
Resp-COPD: 2.04(-O-16, 
t.36) ----..-..--__ _.. ..--. . . ..-- 
Resp-COPD: 1.72(-0.04, 
3.56) ..- ..__.._.......... 
X: 1.40(0.72, 2.lij -” - 

Resp-COPD: 2.24(0.76, 
3.76) 
_..-. ._... .._.. _ 
ZV: l-72(1 .OO, 2.44) 

Resp-COPD: 2.04(0.36, 
3.76) 
-. _- --..-- ._ _. ..-....-_ _ -- 
iesp-COPD: 2.14(0.88, 
3.46) 
X: 0.88(0.44, 1.34) 

Resp-COPD: 1.30(0.34, 
2.30) 

-- X: 0.64(0.24, 1.06) 

Resp-COPD: 1.22(0.22, 
2.26) 

CV: -0.48(-l .38,0.46) 

Resp-COPD+Pneu: 
1.74(0.92,2.60) 

Resp-COPD+Pneu: 
X30(-0.30, 0.92) 

Particle 
TM= 

‘MIQ 

..__.. -  ̂
‘Ml0 

)M13 

‘Ml0 

-P 

:P 

--.-_ 
‘Ml0 
.___. 

‘Ml0 

-...-_. 

‘Ml0 

=MlO 

‘Ml0 
._ 

‘Ml0 
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City/Region 

(ing County, 
rVA _ 
(ing County, 
rVA 

jydney 
_. _.. 
Chicago, IL 
.- _... -... 
-OS Angeles, 
:A _-. 
Spokane, WA 

-.. _. 
Seattle, WA 

Santiago 

Santiago 

Edinburgh 

Edinburgh 

14 cities, US 

14 cities, US 

\ninneapolis/ 

St. Paul, MN 

Tacoma, WA 

Cleveland, OH 

ruscon, AZ 

3 metro 
aunties, US 

Seattle, WA 

Seattle, WA 

Seattle, WA 

Time Period Reference 

1987-95 Moolgavkar et al., 
2000 

1987-95 Moolgavkar et al., 
2000 --. __ .-..- _-. _ 

1990-94 Morgan et al., 1998 
_-.. ..- .._ 

1986-89 Morris & Naumova, 
1998 ._-- -.. .-_- 

wet seasons Nauenberg & Basu,.. 
1991-94 1999 .--.- _- .._..... 
1995-97 Norris et al., 2000 

1995-96 Norris et al., 2000’ 

1992-93 Ostro et al., 1999b 
.- _. .__. .._ 

1992-93 Ostro et al., 1999b 
___ _ .-.. 

1992-95 Prescott et al., 1998 
. .._ _ _. 

1992-95 Prescott et al., 1998 
1,. 

198594, 
range varies Samet et al.. 2000a 
by city 

Samet et al., 2000a 

Schwartz, 1994c 

_ -- _ 
1988-90 Schwartz, 1995 

. 
1988-90 Schwartz, 1996 

_. -_ 
1988-90 Schwartz, 1997 -’ 

1988-90 Schwartz et al., 1999 
_._ 

1987-94 Shepard et al.. 1999 

1987-94 
__. 

Shepard et al., 1999 

1987-94 Shepard et al., 1999 
.- 

a 

a 

III ages 
_.-. 

III ages 
.__- 

111 ages a 

?esp-COPD: 2.56(0.36, 
L84) -- - .__. .._.... . ..- 
tesp-COPD: 1.02(0.00, 
!.08) --.--_-.. _. .._. _. --1.. 
:V: 1.56(0.44,2.72) 

0 lver 65 :V: 0.78(0.20, 1.38) 

a 

U 

III ages 
-_-- 

under 65 
_. - 

under 18 U 

U 

2 

under 2 
_._- 

r-14 

_..--_.-.- .-_-- .._.._.___. 
?esp-Asthma: 3.24(0.40, 
LOO) 

tesp-Asthma ED Visits: 
j-48(-2.18, .3.52) __.__. ---..-... .._. .._- 
iesp-Asthma ED Visits: 
II .24(2.08,24.22) _____-----._- _.... - .._....” --... 
Zest-Lower Resp Clinic 
/is&: 0.50(0.04,.0.96) ___-- -_..-,-.- -- _.. ..-. 
tesp-Lower Resp Clinic 
lisits: 0.74(0.16, 1.34) 

rnder 65 U 

E 

;V: 0.40(-2.50,3.80) 

i5 8 oldel 
,.- 

X: 2.48(0.92,4.18) 
____.-- _..- _..--... .-._---.. 
ZV: l.lO(O.94, 1.24) 

6 i5 8 olde, ?esp-COPD: l-50(1 -06, 
1.96); Pneu: lX(1.06, 
1.64) 

6 i5 & oldei Xv: 1.52(1.20, 1.82) 

6 i5 & olde 

--- .-_-._ __... - __. -- . 
2espPneu: 0.12(0.10, 
1.13); COPD: 0.16(0.12, 
1.21) .-.- 

i5 & olde ?esp: 2.00(0.64,3.45) 
-- 

i5 & olde 2esp: 1.16(0.10,2.28) 

C 

6 

rver 65 
._ .- .._ 

5 & older 
.- 

_-_-.-...--_- ._._. ._.. .-.- _. 
x: 1.21(0.22,2.19) 

N: l.OO(O.74, 1.28) 

nder 65 
. -. 

nder 65 

nder 65 

._.. ..- -- --.. 
?esp-Asthma: 4.44(1.12, 
-04) .._.. -. .._..... 
tesp-Asthma: 3.48( 1.32, 
8.72) _ 
lesp-Asthma: 2.74( 1 .I 0, 
.52) 

Age 
Group 

Endpoint* and % Increase 

(95% Cl) per 10pg/m3 

Particle 

Twe 

‘P 

‘Ml0 

‘P (bscat) 

‘Ml0 
.-. .-_ 
‘Ml0 
..-..--- 
‘Ml0 
__--.. 
)MlO 
-- .._.. 
‘Ml0 

‘Ml0 

‘Ml0 

‘Ml0 
____._. 

‘Ml0 

.__--. 
‘Ml0 < 
i0pglm3 -.--. 

‘Ml0 

--._ 
‘Ml0 
..-._. 
‘Ml0 
-._-.. 
‘Ml0 

:P 
__--. 
P 
.~ - 
‘Ml0 
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City/Region 

saint John 

jaint John 

Ulanta. GA 
,I 

-long Kong 

Endpoint Abbn 
COPD=Chronic 

iations: 
lbstructive Pulmonary Disease 

CV=Cardiovascurar 
Dys=Dysrhythmia 
ED=Emergency Department 
HF=Heart Failure 
IHD=lschemic Heart Disease 
Pneu=Pneomonia 
Resp=Respiratory 

**Average of 24-hour measurements over time period. 

Time Period 

T 
he 

Group 

all ages 

alI ages 

mder 17 

311 ages 

T 

C 

1 
c 

i 
r 

4 
c 

Endpoint* and % increase Particle 
(95% Cl) per 1 Opglm3 ?P@ 

;V: 6.04(-0.12, 13.12) 

:V: 6.50(2.04. I&)- .- ~ 

tesp-Asthma ED Vi&t 
!.64(0.24,5.34) _, - -. 
:V: O-60(0.16, 1.08) 

-P 

‘Ml0 

‘Ml0 

7.5.2 Respiratory Hbspital Admissions (RHA) 

Many studies have also used time-series analysis to examine associations between daily PM 
and hospitalization for respiratory diseases (Table 7.3). Such endpoints have included total 
respiratory admissions (ICD9 = 460519) for all age groups, as well as for those greater than 
age 65, and admissions for chronic obstructive pulmonary disease (COPD), pneumonia and 
asthma. For example, the recent NMMAPS multi-city study (Samet et al, 2000a) examined 
associations between PM19 and several specific respiratory diseases among a group of 
individuals aged 65 and above. Associations were reported between PM10 and both COPD 
and pneumonia. Among the 14 cities in the analysis, the long-term mean PM10 concentration 
ranged from 24 to 45 pg/m3. The NMMAPS results suggest a range of 1.5 to 3% increase in 
the risk of RHA per 10 pg/m3 of PMIO. 

Similar findings of an association of PM10 and hospital admissions for total respiratory 
diseases or its components such as COPD, asthma or pneumonia have been reported for 
many other cities throughout the U.S., including Minneapolis (Schwartz, 1994c; Moolgavkar et 
al., 1997) Tacoma (Schwartz, 1995) Cleveland (Schwartz, 1996) Buffalo (Gwynn et al., 
2000) Chicago (Zanobetti et al., 2000a), Detroit (Lippmann et al., 2000) and Seattle 
(Sheppard et al., 1999). 

Three separate studies have reported similar associations using data from Los Angeles (Linn 
et al., 2000; Moolgavkar, 2000b; Nauenberg and Basu, 1999). The Linn et al. (2000) study 
used pulmonary hospital admissions data from 1992 to 1995 and found positive associations 
with PM10 (mean = 45 pg/m3) throughout the year, but especially in the winter. Moolgavkar 
(2000~) used data on COPD for 1987 through 1995, and reported associations with PM10 
(median = 44pg/m3), and both PM2.5 (median = 22 pg/m3) and CP for three different age 

s? 
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groups: 0 to 19, 20 to 64, and 65 and above. Finally, Nauenberg and Basu (3999) used data 
on hospital admissions for’ asthma from .I 991 through 1994. Associations were reported with 
PM10 (mean = 45 ,ug/m3) in the “wet season” (Jan 1 to March 1) but not the “dry season”.‘The 
wet season effect was also stronger among Medical claimants, suggesting an effect 
modification by income. Gwynn and Thurston (2001) also reported stronger effects from 
PM10 and other pollutants on respiratory hospital admissions among those without insurance 
or on Medicaid versus those with private insurance or Medicare. 

Besides Moolgavkar (2000b), a few other studies have .reported findings using PM2.5 and 
CP. For example, Lippman et al. (2000) found an association between pneumonia admissions 
for those aged 65 and above and both PM2.5 and CP in Detroit. For COPD, an association 
was also reported with PM2.5, and less so with CP. Likewise, Burnett et al. (1997b) found 
associations between hospital admissions for respiratory diseases and both PM2.5 and CP in 
Toronto. Sheppard et al. (1999) also found associations between both PM2.5 and CP and 
asthma hospital admissions. Finally, Moolgavkar et al. (2000) found an association between 
PM25 and hospital admissions for COPD in King County (Seattle). No results were reported 
for CP. 

Associations have also been reported between PM10 and emergency department and urgent 
care visits, which may or may not result in hospital admissions. For example, in a study 
conducted in Santa Clara County, California, Lipsett et al. (1997) reported associations 
between PM10 (mean = 61 pg/m3) and emergency room visits for asthma during the winters, 
particularly on colder days. Using limited data (only one year), Delfino et al. (1997a) found 
associations between respiratory emergency department visits and PM1 0, PM2.5, sulfates 
and hydrogen ion in Montreal. Norris et al. (2000) analyzed emergency room visits for asthma 
in Spokane and Seattle, using two.years of data on patients of all ages in Spokane, and 16 
months of data for asthma cases below the age of 18 in Seattle. Besides PM1 0, a stagnation 
index was created, which reflected days with relatively low windspeed. Factor analysis 
indicated that days characterized by greater stagnation were likely to involve higher 
concentrations of products of incomplete combustion (including fine particulate elemental 
carbon) and sulfates. In Spokane, associations were found between emergency asthma visits 
and the stagnation index, but not with PMIO. However, for Seattle both of these metrics were 
associated with pediatric emergency room visits. 

Several other studies have also reported effects among children. .For example, Tolbert et al. 
(2000) examined the effects of air pollution on roughly 6,000 pediatric emergency room visits 
for asthma during the summers of 1993-1995 in Atlanta. Several different statistical models 
were used to explore the sensitivity of the results to the model selection. PM10 concentrations 
(mean = 39 pg/m3) were highly correlated with l-hour maximum ozone (r = 0.75). 
Associations between daily visits and PM10 were reported, with consistent results across all 
of the models. Medina et al. (1997) analyzed doctors’ house calls for asthma in Paris, France 
for the years 1991 to 1995. Black smoke (BS) was used as a measure of particulate matter. 
House calls for asthma were divided into three age groups: all ages, 0 to 14 years, and 15 to 
64 years. Associations were reported for the full age group (0 to 64 years), but especially for 
children below age 14. The effect estimate for children, based on a 4-day moving average of 
BS was 8 times higher than that of the older population. Hajat et al. (1999) reported a similar 
association in London, England between PM1 0 and doctor visits for asthma for children below 
age 14. While the effect size was not as greatas in the Medina et al. (1997) study, the 
strongest effect was found from a multi-day average of exposure to PMIO. In examining 
allergic rhinitis, Hajat et al. (2001) reported stronger associations for adults than for children. 
The associations were also stronger for multi-day averages of PMIO. Ostro et al. (1999c) 
analyzed associations between PM and daily visits to primary health care clinics in Santiago, 
Chile among children under age 2, and ages 2 to 14. This area is characterized by very high 



ievels of ambient PMlO, especially during the winter, when inversions are common. For this 
study, several public clinics around the city. were organized to undertake a specific study of 
urgent care visits for lower and upper respiratory symptoms. Associations were found 
between PM1 0 and visits for lower respiratory symptoms for both age groups. 

Several studies suggest relationships between strong acid sulfates and respiratory hospital 
admissions. In a time-series study in Buffalo, NY, Gwynn et al. (2000) reported stronger 
associations between both H+ aerosol and sulfates and respiratory hospital admissions than 
those observed for either PM10 or COH. Burnett et al. (1994) in an analysis of urgent daily 
admissions at 168 acute care hospitals in Ontario, Canada, found significant associations of 
sulfates (lagged 0 to 3 days) with several respiratory diseases, but not with nonrespiratory 
conditions. These associations were not significant during the winter, when the sulfate levels 
tend to be lower. However, during the summer months, sulfates were strongly correlated with 
both PM2.5 and with H+ (r>0.8), so it is difficult to ascribe a “causal” role to any one of these 
PM constituents. 

In summary, studies over the past several years consistently report associations between 
PM10 and several different measures of hospitalization or urgent care for respiratory 
diseases. The outcomes include hospitalization for total respiratory diseases, as well as for 
specific diagnoses, including COPD, asthma and pneumonia. In addition, associations have 
been reported between PM10 and the need for urgent care including emergency department 
visits, doctor visits, and public clinic visits. These effects tiave been reported primarily among 
elderly individuals, but effects have been also reported among all age groups, including 
children under age 18, and children under age 2. For many of these studies, the long-term 
mean PM1 0 ranged from 25 pg/m3 to 40 pg/m3, although studies of cities with reported means 
below and -above thjs range exist as well. Most of the studies carefully control for potential ._ . . .,. _ 
confoundtrig’ by ‘weather, sbasoli, time; and oo~poltutantd.’ Overall,’ PMA O’.c@isiStentty In& 
associated with these clinically significant respiratory endpoints, with a general effect estimate 
of between 1.25 and 5% increase in risk per 10 pg/m3. Based on the few studies that have 
measured both fine and coarse particles, associations have been reported between hospital 
admissions for respiratory diseases and both of these exposure measures. In these latter 
studies, long-term mean PM2.5 ranged from 17 pg/m3 to 22 pg/m3. Finally, as indicated in 
section 7.3, associations between daily or multi-day exposure to PM1 0 and respiratory-related 
mortality have atso been reported. 

7.5.3 Asthma Exacerbation 

Asthma affects more than 15 million Americans, including almost 5 million children, making it 
the most common childhood illness in the U.S. Asthma prevalence increased 75% from 1980 
to 1994 in the United States (Mannino et al., 1998). In a recent analysis of data from the 
National Health Interview Survey, the prevalence of asthma among children aged 5 - 14 was 
about 67% higher than for adults aged 35 and above (74.4/1000 vs. 44.611000, respectively; 
Mannino et al., 1998). Asthma surveillance data developed by the U.S. Centers for Disease 
Control and Prevention (CDC) and recent reports on asthma hospitalization by the California 
Department of Health Services (CDHS, 2000), and King County, Washington, indicate that 
children, especially young children, may experience severe exacerbations at a greater rate 
than older children or adults (Mannino et al., 1998; CDHS, 2000). Hospitalization rates for 
children 0 to 4 years are greater than for all others (49.7/10,OOO/year for ages 0 - 4 versus a 
range of 18.0 to 25.5/1O,OOO/year for all other age groups) and is four-fold higher among 
black children versus white children (CDHS, 2000). While hospitalization rate data are 
influenced by a number of factors, including access to health care, these data support the 
notion that asthma may generally affect young children more than adults. 
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In the last few years, many studies have been published on the effects of PM exposure on 
symptoms and lung function changes in asthmatics (Table 7.4). These studies typically follow 
a panel of subjects who record daily health outcomes over several months. .Several outcomes 
have been measured, including specific symptoms (e.g., cough, shortness of breath, wheeze, 
chest tightness, phlegm), medication use, and lung function changes [e.g., peak expiratory 
flow rate (PEF), forced expiratoty volume (FEV), and forced vital capacity (FVC)]. Concurrent 
air pollution is recorded along with potential confounders that also change on a daily basis 
and might be associated with the health outcome such as weather factors, environmental 
tobacco smoke (ETS) or wood smoke exposure, activity patterns, time spent outdoors, use of 
air conditioning, and day of week. Generally, the study of air pollution and asthma is 
analytically challenging since the disease and its triggers are complex. Several of the studies 
combine individuals with different levels of asthma severity and medication use, or combine 
asthmatics and non-asthmatics. Nevertheless, evidence for a fairly consistent (but not 
universal) effect of PM has emerged over the last several years, including several studies 
conducted in California. 

For example, Ostro et al. (2001) examined the effect of PM10 and PM25 on 138 African- 
American children with current, physician-diagnosed asthma living in Los Angeles from 
August through October, 1993. Daily reporting of cough, shortness of breath and wheeze, and 
asthma episodes (i.e., the start of several consecutive days with symptoms) were associated 
with PM10 (24-hour mean = 52 pg/m3) and PM2.5 (12-hour mean = 41 pg/m3), but not with 
ozone. The PM1 0 effects were slightly stronger than those from PM2.5, with a IO pg/m3 
change in PM10 associated with an approximate change in onset of symptom rates of from 5 
to 15%. In addition, an association was reported between PM10 and the use of extra asthma 
medication. These findings supported an earlier study of 83 African-American children with 
asthma in Los Angeles that indicated an association between PM10 and shortness of breath 
(Ostro et al., 1995). 

Delfino et al. (1997b, 1998) examined panels of asthmatics living in California. In a summer 
study, 22 asthmatics, ages 9 to 46, from the semi-rural town of Alpine were followed (Delfino 
et al., 1997b). Symptoms were not related to PM10 (24-hour mean = 26 pg/m3) or any of the 
other pollutants or bioaerosols measured. However, there was an association between PM1 0 
and inhaler use. Delfino et al. (1998) followed a panel of 24 asthmatics, ages 9 to 17 from 
August to October, 1995 in Alpine. “Bothersome” asthma symptoms (either cough, wheeze, 
sputum production, shortness of breath, or chest tightness) were associated with both PM10 
(24-hour mean = 31 p.g/m3) and ozone, with a greater relative effect from PMIO. The largest 
effects of PM1 0 were on those children not currently on anti-inflammatory medication. 

In studies outside of California, Yu et al. (2000) followed 133 asthmatics, ages 5 to 13, living 
in Seattle. A strong association was reported between asthma symptoms and ambient 
particles monitored using nephelometry, which measures primarily PM1.0, or particles below 
one micron in diameter. Vedal et al. (1998) examined 75 physician-diagnosed asthmatic 
children, ages 6 to 13, living in Port Alberni, British Columbia. Several other groups of non- 
asthmatics were analyzed as well. For the entire group (n = 206), PM10 (median = 22 pg/m3) 
was associated with increases in both cough and phlegm (7% increase in each per IO pg/m3 
PM-to), and decreased PEF. Stratified analysis indicated effects only among asthmatic 
children. No consistent effects were found in the other groups of children. Thurston et al 
(1997) examined children with asthma at a summer camp in Connecticut. Associations were 
reported between both sulfates and ozone (which were highly correlated) and asthma 
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Table 7.4. Summary of Cities lnc!uded in Studies’ Q;f Short-term hcposure and 
Respiratory Morbidity for PMIO, PM2.5 (FP) and Coarse Pa&es (CP) 

City/ 

Region 

Rural and 
Irban areas, 

Holland 

Itpine (rural 
outhem CA) 

ilpine (rural 
outhem CA) 

4msterdam. 
Holland 

Leiden 
University 

Medical 
Center, 
Holland 

_... 

ceanalysis 0 
several 
studies 

including 
Utah Valley, 

UT; 
Bennekom, 

Holland; 
Uniontown, 
PA; State 

College, PA 

Los Angeles 
CA 

Los Angeles 
CA 

Time 
Period 

Reference 
Age Group, 

Other 
bemographics 

Winters 
1992193- 

94195 

)eten et al., 
399 

7-l 1, N=632 PM10 

-. 

Aug-Qct Di elfin0 et al., 9-17, N=24, 
1995 II 398 asthmatics 

Summer 
1994 

elfin0 et al.. 9-46, N=22, 
397b asthmatics 

Early 
Summer 

1995 

,ielen et al., 
397 

7-13, N=61, 
majority 

asthmatics 

Summer H iltermann et 
1995 al I., 1998 

18-55, N=60 PM10 

varies by 
study 

loek et al., 
998 

children PM10 

Summer 
1992 

__. - 

Istro et al., 
995 

7-12, N=83, 
african-americar 

asthmatics 

Aug-Cct 
1993 

Istro et al., 
!OOl 

8-13, N=138, 
african-americal 

asthmatics 

Par-We 
Type 

PMIQ 

PMfO 

PM10 

PMIO, FP 

General Results 

ssociation with lower 
spiratory symptoms 
nong children with bolt 
*onchial 
jperresponsiveness 
Id high total serum IgE 

br 

h! 
al 

“A 

S! 
Cl 

S! 
01 
rr 

Jrban: 55, 
2, and 31 
?ural : 45, 

44,27 

ssociation With EiSth77G 

jmptoms, especially 
iildren less frequently 
fmptomatic for asthma 
n anti-inflammatory 
medication 

31 

A 
U1 

,_ __,. -- .._.- _. 

ssociation with inhaler 
se 

A 

lx 

. 

ssociation with acute 
aspiratory symptoms 

31 

A ssociation with 
S hortness of breath and 
b ronchodilator use 

46) 

_.--.. - 

2 Zgnificant decreases in varies by 
F ‘EF study 

F tisociation with 
S ;hortness of breath, 
F rarticulariy moderate 
i rnd severe asthmatics. 

56 

L issociation with new 
E episodes of cough and 
E txtra asthma 
r nedication. 

PM1 0=52 
FP=41 
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3 

cs 

2 

6 

-._- 

plit 

Lr 
se 
x 
on 

ild 

all 

2- 

Reference 
Particle 
- Type 

General Resu 
City/ 

Region 

Age Group 
Other 

Demographic 

Mean* 

Ndm3) 

Time 
Period 

?n 

b the 

matic 
ns 

ion 
3s in 

.._ -- ._. 

Ind 

.--- 

ver 
ns; 
FP. 

FP. 

_ 

Iming 

)n for 

Association with 
increased plasma 
viscosity in both mc 
and women when 
comparing severe 
pollution episode tc 
remainder of study. 

act 1994- 
lune 19951 

severe 
.episode 
Jan 7-19, 

1985 

TSP=47; 
severe 

episode 
TSP=98 

J 

f 

‘F 

F 
I 

f 

: I 

_ 

: 
r 

Ausburg, 
Germany 

Utah Valley, 
UT 

Mexico City 

New Haven, 
CT and 

Tacoma, WA 

?eanalysis 01 
Harvard Six 
City Study, 
Uniontown 
and State 

College, PA 

Kuopio, 
Finland 

‘eters et al., 
I997 

25-64, N=325 

. 

I O-12, N=79, s/ 
between thoa 

ssymptomatic 1 
asthma and the 
symptomatic fc 
asthma but not 

medications 

5-13, N=71, mi 
asthmatics 

65 and older, I 
hospital 

admissions 

.-- 

:hildren grades 
5, 

8-13, N=49, 
children with 

chronic 
respiratory 

disease 

TSP 

Particularly sympto 
children, associatio 
with respiratory 
symptoms and 
significant associati 
with small decrease 
PEF. 

Winter 
1990191 

Apr 1991- 
Feb 1992; 
2 months 

1988-I 990 

vanes by 
study 

Spring 
1995; six 
weeks 

‘ape and 
Mockery, 1992 

76 

_--_._-_- _._.... 

167 

PM10 

I - - -- ---.‘-~-- 

PM10 

Association with 
increased lower 
respiratory illnessa 
decreased PEF. 

..-.-- 

PM10 
Association with 
respiratory hospital 
admissions 

----.-- 

Association with IOU 
respiratory symptor 

FP and CP stronger effect with 

?omieu et al., 
1996 

41-New 
Haven; 37- 

Tacoma 

---- -_. 

varies by 
study 

.._-_--.-__- 

PM10=28, 
FP=15 

Schwartz et al., 
1994 

%hwarlz and 
\leas, 2000 Association with 

decreased PEF for 

Association with mc 
PMIO, FP, PEF and cough; 

CP strongest associatic 
FP and CP. 

Tiittanen et al., 
I999 
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City/ 

Region 

urban and 
nonurban 

areas, 
Holland 

%rt Alberni, 
British 

Columbia, 
Canada 

Seattle, WA 

-. 

Vinton, VA 

I- 

I 

hverage of 2 

Time 
Period 

Reference 

Winters 
1992/93- 

94195 

van der Zee et 
al., 1999 

. .._.. .-.. 

May l990- Vedal et al., 
Mar 1992 1998 

Nov 199% 
Aug 1995; 

28-112 
days 

Yu et al., 2000 

Summer. 
1995 

Zhang et al., 
2000 

Age Grotip, 
Other 

Demographic: 

7-l 1, N=795 

6-I 3, N=206 
including 75 
asthmatics 

5-13, N=133, 
mild/moderate 

asthmatics 

,. _ _ 

adult, N=673, 
mothers 

,hour measurements over time period. 

Significant association 
with decreases in PEF 

PM10 and lower respiratory 
symptoms in 
symptomatic children. 

Associations with cough 
and phlegm and 

PM10 decreased PEF, 
particularly among 
asthmatics. 

. 

TvIlO, PM1 .O Association with asthma 
(nephel- symptotis; strong 
ometry) association for PM7 .O 

Mean* 

b-@m3? 

ranged 24- 
53 

22 

(median) 

PM1 0=25, 
PM1 .O=lO 

” 

NA 

symptoms, PEF and bronchodilator use. Data on PM10 were not available. Pope and 
Dockery (1992) studied two different cohorts of fifth- and sixth-grade students in Utah Valley. 
One group had symptoms of asthma or had been diagnosed by a physician as having 
asthma, but was not currently on medication. The other group had no history or symptoms of 
asthma. Associations were found for both groups between PM10 and both PEF and 
respiratory symptoms. The symptomatic group demonstrated a greater effect from exposure 
to PMIO. 

Several studies on asthma have also been completed outside of the U.S. and Canada. For 
example, Gielen et al. (1997) reported associations between PM10 and both asthma 
symptoms and PEF among children in Amsterdam. Hilterman et al. (1998) reported 
associations between PM10 and symptoms, but not PEF, in asthmatic adults living in heiden, 
the Netherlands, while Peters et al. (1997) reported associations between various measures 
of PM and both symptoms and PEF among adults in Erfurt, Germany. Finally, Romieu et al. 
(1996) also reported associations between PM10 and asthma exacerbation among a panel of 
children living in Mexico City. 

Overall, the effects of PM on asthma exacerbation are not as consistent as those found with 
hospitalizations for cardiovascular or respiratory disease. This is likely due to the complexity 
and multi-dimensional aspects of the disease itself, and the subsequent difficulties in 
estimating the impact of air pollution. Nevertheless, several well-conducted prospective cohort 
studies, often involving over 100 children with asthma, have found associations between 
PM10 and a range of asthma symptoms or medication use. Most of the studies have 
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controlled for potentially confounding factors such as weather and other pollutants, such as 
ozone. Given the findings reported .abpve; of an association between PM10 and 
hospitalizations and urgent care for asthma, it is reasonable to expect an impact on ,less 
severe asthma outcomes as well. 

7.54 Respiratory Symptoms and Other Adverse Outcomes 

Panel studies and other analytical study designs have also been used to examine the effect of 
air pollution on the general population (including both asthmatic and non-asthmatic 
individuals) (summarized in Table 7.4). A wide range of outcomes has been studied including 
upper and lower respiratory symptoms (in aggregate form and separated out by specific 
symptoms), lung function changes, restrictions in activity due to respiratory illness, school 
absenteeism and work loss. Although these effects are clearly not as significant as mortality 
and hospitalization, they may have an important effect on public health since they impact a 
greater proportion of the population. Some of these studies are summarized below to provide 
a sense of the range of impacts associated with exposure to PM. 

In a study in three cities in Southern California (Azusa, Glendora and Covina), Ostro et al. 
(1993) examined the daily effects of air pollution on 321 nonsmoking adults. Associations 
were reported between both sulfates and ozone on lower respiratory symptoms. Schwartz 
and Neas (2000) reanalyzed three different panel studies to examine the relative impact of 
PM2.5. and CP on respiratory symptoms and peak flow in young children. First, daily 
respiratory data from 1,844 children in second through fifth grade from six eastern cities (the 
Harvard Six-Cities) were used. The second and third data sets involved daily data collected 
from June through August from fourth and fifth grade children living in Uniontown and State 
College, PA. In both of these studies, twice daily PEF measures were recorded. The analysis 
of the Six City data suggested that, using single pollutant models, lower respiratory symptoms 
(any day with at least two of the following: cough, phlegm, chest pain or wheeze) were 
associated with both PM25 and CP, as well as sulfates. The stronger effects were observed 
for PM25 and sulfates- When considering only cough as the outcome, associations were 
again found with all of the measures of PM, but the strongest effect was with CP. In the 
analysis of PEF in the two other cities, an association was found with PM25 and sulfates but 
not with CP. Zhang et al. (2000) examined respiratory symptoms among 673 mothers living in 
Vinton, VA during the summer of 1995. Of all the pollutants considered, only CP were 
associated with a new episode of rhinitis. 

Tiittanen et al. (1999) examined the association between PM and PEF and cough among 49 
children with chronic respiratory symptoms living in Kuopio, Finland. Several different 
measures of PM were available, including PMIO, PM2.5, CP, black carbon, resuspended 
road dust, and ultrafines. Associations were reported between morning PEF and all of the 
measures of PM. In addition, incidence of cough was also associated with all of the PM 
measures. For cough, however, the strongest association was with a 4-day cumulative 
average of both PM2.5 and ultrafines. Since the PM measures were highly correlated, it is 
difficult to attribute the effect to any single constituent. Schwartz et al. (1994) examined the 
respiratory symptoms of 300 elementary school children from April to August in each of six 
eastern cities. Several different endpoints were considered, including lower respiratory 
symptoms (reports of at least two among cough, chest pain, phlegm, and wheeze), upper 
respiratory symptoms (reports of at least two among hoarseness, sore throat, and fever), and 
cough alone. An association was reported between both PM10 and PM2.5 and lower 
respiratory symptoms, cough, and to a lesser extent, upper respiratory symptoms. 

Two studies in the Netherlands examined the impact of wintertime PM10 on symptoms in two 
panels of children- Boezen et al. (1999) studied a panel of children ages 7 to 11 to determine 
if those with bronchial hyperresponsiveness (BHR) and high serum concentrations of 7gE 
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were more responsive to air pollution. Based on data from three winters, an association was 
found between PMIO and lower respiratory symptoms among children with .BHR and high 
total IgE. No associations between PM10 and respiratory symptoms were found .among 
children who did not have both of these factors. The wintertime PM10 averages for the three 
years were 55, 42 and 31 pLg/m3. in a related study, van der Zee et al. (3 999) examined PEF 
and respiratory symptoms among children in urban and rural areas with and without asthma, 
chronic cough, or wheeze (classified as symptomatic). In both the urban and rural areas, 
associations were found between PM10 and both lower respiratory symptoms and 
decrements in PEF among the symptomatic children. However, stronger effects were 
observed in the urban areas. Among the non-symptomatic children, no association between 
PM-IO and symptoms was found. In the urban area, PM10 averaged 48, 37 and 29 pg/m3 
during the three winters that were studied, versus 35, 35 and 24 pg/m3 in the rural area. 

Regarding changes in lung function, Hoek et al. (1998) reanalyzed data on PEF from four 
other studies conducted in Utah, the Netherlands, and Uniontown and State College, PA. This 
paper focused on explaining significant decrements in PEF, defined as a daily change greater 
than 10% below a person’s mean. This change was found to ‘be associated with changes in 
PM-IO. 

Besides respiratory symptoms and changes in lung function, other less severe symptoms 
have been reported for the general population. For example, Ostro (1987) and Qstro and 
Rothschild (1989) used data from six years of the annual Health interview Survey conducted 
by the National Center for Health Statistics. Based on a two-week recall period, the endpoint 
used in these studies was restricted activity days, which includes days spent in bed, days 
missed from work, or days when activities were partially restricted due to illness. In Ostro 
(I 9871, which included 49 rreV.opo~?-~ ..q~gm an- a.soc@@p w#. .?p.rted be.tyFn, PM?,?, 
estimated from airport visibility and restricted activity in adults. Ostro and Rothschild (1989) 
reported an association between PM2.5 and both respiratory-related restrictions in activity 
and minor restrictions (days where activity was restricted but not resulting in work loss) in 
adults. These studies imply about a 10 to 15% change in reduced activity per 10 pg/m3 of 
PMIO. Finally, Ransom and Pope (1992) examined PM10 and weekly absenteeism. in an 
elementary school in Utah. An association was reported with PMIO, with about a 4% increase 
in absenteeism per IO pg/m3. 

7.6 Chronic Exposure - Morbidity 

Data from the past quarter century suggest that long-term PM exposures are associated with 
chronic respiratory symptoms or disease, and possibly with decreased lung function. Much of 
this evidence derives from cross-sectional analyses, which compare symptom or disease 
prevalence, or lung function, during a given time period (e.g., one year) among communities 
with different average pollution levels (e.g., Ferris et al., 1973, Hodgkin et al., 1984; Mullahy 
and Portney, 1990). Cross-sectional studies, however, while suggestive of potentially 
meaningful associations, are generally not considered good evidence of causal relationships 
because inter-city differences may be due to unmeasured factors other than air pollution. 
Also, chronic health effects are thought to occur as a result of long-term or repeated 
exposures, but cross-sectional investigations generally present a snapshot in time and are not 
informative regarding the critical exposure averaging time (e.g., d year, 10 years, or even the 
number of times a given level is exceeded during a specified period). Moreover, in cross- 
sectional studies people who may have died from exposure-related illness are not included in 
the analysis. This “survivor bias” tends to underestimate effects of exposures (assuming that 
such effects exist). Nevertheless, several large cross-sectional investigations in the U.S. and 
Europe, in which individual-level data on a variety of other relevant factors have been 
collected (e.g., smoking status, exposure to environmental tobacco smoke, occupational 
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exposures), provide reasonably consistent evidence for effects of long-term -exposure to PM 
on chronic respiratory’health outcomes. 

Several large-scale cohort studies provide prospective evidence related to long-term .effects 
of PM exposure. These studies have collected information on individual participants, and 
therefore can statistically control for most of the potentially relevant confounding variables, 
including cigarette smoking, exposure to environmental tobacco smoke, occupational 
exposures (for adults), weight, alcohol consumption, and so forth. The most important of the 
relevant cross-sectional and cohort studies are summarized in the following paragraphs. Most 
have been conducted in the United States, and several have been undertaken (at least in 
part) in California. One large cohort study undertaken in four cities in the Los Angeles basin 
(the Chronic Obstructive Respiratory Disease or CORD study) is not included in the 
discussion, because inter-city differences in participants’ lung function were not presented by 
pollutant (e.g., Tashkin et al., 1994; Detels et al., 1991). 

7.6.1 The Adventist Health Study 

In 1977, a cohort of 6,338 nonsmoking non-Hispanic white Seventh Day Adventists, aged 25 
years and older and residing principally in three large metropolitan areas of California (San 
Francisco, San Diego, and the South Coast Air Basin), were enrolled in a long-term study of 
the effects of air pollution on respiratory health (AHSMOG). Approximately 10% of the study 
population lived in other areas of California. One criterion for enrollment was residential 
stability: all participants had to have lived within 5 miles of their 1977 address for 10 years or 
longer. Participants completed questionnaires in 1977, 1987, and 1992 regarding residential 
and work location histories, past smoking, exposure to ETS, occupational exposures, 
presence of various respiratory symptoms, :and physician diagnoses of respiratory disease. 
Cumulative air pollution exposure was assessed by interpolation of fixed-site monitoring data 
in relation to the subjects’ residences and worksites during the study period. Numerous 
reports describing the morbidity and mortality of this cohort have been published: earlier 
reports focused on total suspended particulates (TSP) as the PM metric (e.g., Abbey et al., 

- 1993) and will therefore not be discussed. Several of the more recent articles are described 
below, while the mortality results are described in section 7.3. 

Abbey and colleagues (1995a, b) analyzed the incidence of chronic respiratory disease in 
relation to several particle metrics for the 1 O-year period 1977 through 1987 for a subset of 
3,914 study participants. PM1 0 concentrations were estimated using site- and season-specific - 
regressions on TSP data during this period. They reported that long-ten-n exposures to 
estimated PM10 concentrations exceeding 80 or 100 pg/m3 for at least 250 hours/year 
produced statistically significant increases in risk of newly reported symptoms of overall 
airway obstructive disease (AOD, consisting of a triad of asthma, chronic bronchitis and 
emphysema) and of chronic bronchitis alone, but not asthma (Abbey et al., 1995a). Although 
point estimates of risk associated with lower concentrations of estimated PM10 were all 
greater than one, none was statistically significant. For a subset of the cohort living near 
airports (n=1,868), PM2.5 concentrations were also estimated using visibility data (Abbey et 
al., 1995b). In this group, PM2.5, PM1 0 and sulfates were all significantly related to worsening 
severity of AOD (relative risks of 2.20, 2.64, and 3.04, respectively) or asthma alone (relative 
risks of 2.05, 2.82, and 2.75, respectively), while sulfates and PMIO, but not fine particles, 
were both associated with significantly increased risks of AOD, and PM10 with chronic 
bronchitis. All of the long-term studies in this document involve exposure measurement error, 
which generally would tend to impede researchers’ ability to detect any relationship between 
air pollution and health. In these reports this situation is exaggerated because neither PM2.5 
nor PM10 were directly measured, suggesting that these results, though perhaps reliable 
qualitatively, should not be considered quantitatively accurate. 
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Beeson et al. (1998) examined associations between several air pollutants and lung cancer 
incidence (r-r=36 incident dases, 16 in men and 20 in women) from 1977-1992), adjusting for 
several covariates (attained age, pack-years of past cigarette smoking, years of education, 
and consumption of alcohol at baseline), though a variety of other variables were also 
examined as potential confounders. The estimated annual mean concentration of PM10 from 
1973-1992 was 51 pg/m3 (SD=:6.52). As in prior reports on this cohort, PM10 concentrations 
from 1977-87 were estimated from TSP measurements, while after 1987 PM10 was 
measured directly. Incident lung cancer in men was significantly associated with the average 
annual mean concentration of PM10 (RR = 5.21, 95% C.I.=1.94-13.99, for an interquartile 
range or IQR of 24 pg/m3), with somewhat lower estimates for ozone and SO2. For women, 

lung cancer incidence was associated with PM10 (including the annual mean concentration 
and several exceedance frequencies), but these relationships were not statistically significant. 
Pn multi-pollutant models, the coefficients for PM10 and SOa, but not ozone, remained stable. 
Although these RR estimates for men were stable in a variety of sensitivity analyses, they are 
substantially higher than those observed in other investigations, and may be due to a lower 
basetine lung cancer rate in the nonsmoking Sev&h Day Adventist source population. 
However, the relatively small number of cases on which these are based suggests a need for 
cautious interpretation. 

In 1993, 1,391 of the study participants who had completed all three questionnaires and met 
several other criteria successfully completed lung function testing. For this analysis, mean 
PM1 0 levels averaged over monthly values from 1973-1993 were 54.1 pg/m3 for male 
subjects (range 20.0 - 80.6) and 52.7 pg/m3 (range 21.3 - 80.6) for female subjects. An inter- 
quartile difference of 54 days/yr in excess of 100 pg/m3 PM10 was associated with significant 
decreases in FEV, of -7.2% (95% C.I = -II,.5 - -2.7) in men whose parents had a history of, 
obstrutitive lung ‘di‘Se&$e or hay’fever, and of -1.5% ‘(95% Cl. -2.7 - -0’X) ‘FEV1IFVC in ‘male 
never-smokers. No such effects were seen in women or in other strata of men. These results 
should be viewed with caution because: (I) these results are essentially cross-sectional and 
represent only about l/5 of the original AHSMOG cohort members; who may differ from those 
who did not participate In this part of the study in ways that may affect estimation of the PM- 
lung function relationship; and (2) about 2/3 of the PM1 0 data were estimated from TSP. 

7.6.2 The Six-Cities and 24-Cities Studies 

In the mid-l 970s a cohort of white first- and second-grade school children (n = 10,106) in six 
cities in the eastern U.S. were enrolled in a study to examine both cross-sectional and 
longitudinal relationships between air pollution and respiratory disease and lung function 
growth. The mean annual TSP concentrations ranged from 39.3 (Portage, WI) to 114.1 
(Steubenville, OH) pg/m3, while the corresponding range for sulfates was 5.4 to 18.8 pg/m3: 
Exploring the relationships between pollutant levels in the year preceding the second annual 
health examination of the children, Ware and colleagues (1986) reported significant 
relationships between both average PM concentrations (measured as TSP) and sulfates (i.e., 
the sulfate fraction of TSP) and cough frequency, bronchitis and a composite index of lower 
respiratory illness. For a IO pg/m3 increase in sulfates, the odds ratios for these three health 
outcomes were 1.60, 1.68, and 1.57, respectively. Sulfate levels in the 6 cities ranged from 
4.4 to 19.3 pg/m3. These air pollution - health outcome relationships were observed when the 
analysis focused on inter-city pollutant differences, but were not supported by analyses within 
each city over time. No relationship was observed between any of the air pollution metrics 
and lung function, even when the analysis was restricted to lifetime residents of the six cities. 

In a subsequent analysis involving several highly correlated PM metrics (TSP, PM15, PM2.5, 
and sulfates, measured during 1980-8’l), all were found to be related to chronic cough, 
bronchitis, and chest illness reported on health questionnaires (Dockery et al., 1989). 
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Comparing the least and most polluted cities for PM1 5 (Portage, Wisconsin, and Steubenville, 
Ohio, respectively), the annual mean concentrations were 26.1 pg/m? and 53.8 pg/m3. For 
PM25 the range was 11 .a - 36.7 pg/m3, represented by Topeka, Kansas and Steubenville, 
respectively. Across the range of PM15, the odds ratios for these three health outcomes for 
all children were 3.7 (95% C-i. = 1.0 - 13.5) for chronic cough, 2.5 (95% Cl = 1.1 - 6.1) for 
bronchitis, and 2.3 (95% Cl = 0.8 - 6.7) for chest illness. For sulfates and PM2.5, the odds 
ratios for these outcomes were approximately doubled; however, unlike the results for chronic 
cough and bronchitis in relation to PM15, these effect estimates were not statistically 
significant. There was no association between any pollutant and asthma or persistent 
wheeze. However, when the analysis was stratified by the presence of asthma or persistent 
wheezing, the fine particle-related odds ratios for bronchitis and chest illness among those 
with these conditions were about 60% higher than for the group as a whole, but nevertheless 
were still not significant. Among the asthmatic and wheezy children, odds ratios for these 
symptoms in relation to PM15 were at least as high as those for the fine particle metrics, and 
also were significant for chest illness, and remained so for the nonasthmatic children for the 
other symptoms- While these results suggest that the combined coarse and fine’ fractions 
(measured as PM15) were likely more influential than PM25 or sulfates alone in relation to 
chronic respiratory symptom reporting, the estimates were not statistically distinguishable 
(i.e., there was substantial overlap between the confidence intervals around the odds ratios 
for each metric). Finally, as in the earlier report on this cohort, there was no relationship 
between any PM metric and lung function. 

Subsequently, the same group of investigators evaluated the relationships of several air 
pollutants, including PMIO, PM2.1, fine particle sulfate and strong acidity, to respiratory 
symptoms and lung function in 13,369 white children, aged 8 to 12, in 24 suburban 
communities throughout the U.S. and Canada (Dockery et al., 1996; Raizenne et al., 1996). 
Three of the 24 communities were located in California (Liver-more, Monterey,, and Simi 
Valley). Particle measurements in each city took place every other day over a one-year 
period, based on the assumption that this would serve as a reasonably representative 
surrogate for longer-ten-n exposures; nevertheless this study is essentially cross-sectional in 
design- Mean PM concentrations over all 24 cities in this study were as follows: PM10 = 23.8 
pg/m3 (SD=5, range 15.4 - 32.7), PM2.1 = 14.5 pg/m3 (SD = 4.2, range 5.8 - 20.7), and 
sulfates = 4.7 pg/m3 (SD = 2.2, range 0.7 - 7.4). Neither PM10 nor PM2.1, per se, was 
associated with any chronic respiratory symptoms. Comparing cities with the highest and 
lowest annual concentrations, sulfates were associated with at least one episode of bronchitis 
(OR = 1.65, 95% Cl. = 1.12-2.42) and with any bronchitic symptom (OR = 1.27, 95% C.I. = 
1 .Ol-1.61); fine particle strong acidity (which includes sulfates) was linked with bronchitis (OR 
= 1.66, 95% Cl. = 1.1 l-2.48). There were no obvious susceptible subgroups within this study 
population. 

Acceptable lung function data were obtained from a subset of 10,251 children in 22 of the 24 
communities. All measures of particles were reported to be associated with small, but 
statistically significant, decrements in several measures of lung function across the ranges of 
each pollutant. The greatest point estimates of effect were observed for particle strong acidity. 
For instance, a change in particle strong acidity of 52 nmoI/m3 was associated with the 
following percentage decrements: forced vital capacity (NC) = -3.45 (95% C.I. = -4.87 - - 
2.01) forced expiratory volume in one second (FEV,) = -3.11 (95% Cl. = -4.62 - -l-58), and 
peak expiratory flow rate (PEFR) = -3.71 (95% Cl. = -7.10 - -0.20). Still, the estimated lung 
function differences associated with the range of strong particle acidity could not be 
statistically distinguished from those related to the other particle metrics. More importantly, 
because of the cross-sectional nature of this investigation, it is not possible to postulate a 
causal relationship between any particle metric and long-term decrements in the growth and 
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development of children’s respiratory function. This would require a prospective design, such 
as that employed in the Children’s Health Study. 

7.6.3 Children’s Health Study 

Children may be at greater risk from long-term exposures to particles or other air pollutants 
because the growth and development of the respiratory system may be permanently affected 
by early environmental insults. Funded by the California Air Resources Board, the Children’s 
Health Study was designed as a 10-year investigation of the impacts of southern California air 
pollution on lung growth and development and other indices of respiratory health among 
3,676 fourth-, seventh-, and tenth-graders in 12 communities, which were chosen to 
emphasize different long-term air pollution conditions. For data collected in 1986-90, prior to 
the health data collection efforts, the 24-hr average PM concentration ranged from 28.0 pg/m3 
in Atascadero and Santa Maria to 84.9 pg/m3 in Mira Loma and Riverside. In 1994, the mean 
24-hr average PM10 concentration across the 12 communities was 34.8 pg/m3 (range = 13.0 
pg/m3 in Lompoc to 70.7 pg/m3 in Mira Loma) (McConnell et al., 1999; Peters et al., 1999a). 
Although the full 2!! years of follow-up data have not been anaIlyzed yet, the initial cross- 
sectional analysis and some longitudinal results have been published. At enrollment, neither 
PM10 nor PM2.5 were associated with respiratory illness among the total cohort (ever or 
current asthma, bronchitis, cough, or wheeze) assessed by questionnaire (Peters et al., 
1999a). In contrast, among ,children with asthma, respiratory symptoms increased with 
increasing particle levels (McConnell et al., 1999). Specifically, there was about a 40% 
increase in the odds of bronchitis among asthmatics per 19 pg/m3 change in PM10 measured 
over 2-week intervals (OR=3.4, 95% Cl. = 1 .l-1.8). Exposure to a 15 pg/m” increment in fine 
particles resulted in about the same magnitude of increase in risk, which was not statistically 
significant: Both measures. of P&l. -were also associated, with at Is&. a do@iiig of riik -of 
phlegm in asthmatic children. Acid vapors and NO* were also associated with respiratory 
symptoms in asthmatic children. However, because all four (PMIO, PM2.5, NO*, and acid 
vapor) were highly correlated, it is not possible to definitively attribute these effects to any 
single pollutant (McConne!l et al., 1999). 

In another cross-sectional analysis of the Children’s Health Study, both PM10 and PM2.5, as 
well as NOz, were significantly associated with decreased lung function (forced vital capacity 
[FVC]: forced expiratory volume in one second [FEV,], and maximal mid-expiratory flow 
[MMEFj), especially in girls who spent more time outdoors (Peters et al., 1999b). Recently 
these results were supported in an analysis of lung function growth over a four-year period 
(Gauderman et al., 2000). Examining the data from a sample of children who were fourth- 
graders at enrollment, the investigators found statistically significant effects on lung function 
growth associated with PMIO, PM2.5, PMlO-2.5 (coarse particles), N02, and inorganic acid 
vapors. The effects were more pronounced for tests measuring airflow at low lung volumes, 
especially for children spending more time outdoors. However, unlike the cross-sectional 
results, there were no differences observed by gender. Although the effects on the children 
who were seventh- and tenth-graders at enrollment were generally also negative, these were 
not statistically significant, in part because the sample sizes in the higher grades were 
markedly smaller. As with the cross-sectional symptom data, the independent effects of the 
different pollutants cannot be assessed because of high inter-pollutant correlations. 

Although data on sulfate concentrations have been collected as part of the Children’s Health 
Study, no analyses examining potential independent effects of this component of PM2.5 have 
been published. According to ARB staff, such analyses will be conducted during the next few 
years. 
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7.6.4 The SAPALDIA Study 

The Swiss Study on Air Pollution and Lung Disease in Adults (SAPALDIA) examined the long- 
term effects of air pollution exposure in a cross-sectional study of 9,651 adults residing in 
eight areas in Switzerland in 1991. Eligibility for the study was conditional on having lived in 
the same area for at least three years. PM measurements used in the analysis were taken 
over a l-year period (1991 for TSP, and 1993 for PMIO), on the assumption that air pollution 
concentrations had not changed significantly over the proceeding several years. Significant 
associations were observed between chronic symptoms (chronic phlegm, chronic cough, 
breathlessness at rest during the day or at night, and dyspnea on exertion) and the pollutant 
metrics TSP; PM10 and NOs (Zemp et al., 1999). These associations were strongest for 
PMIO; the investigators estimated that an increase of IO pg/m3 PM10 (within the observed 
range across cities of IO. 1 - 33.4 pg/m3), would correspond to increases in risk among never- 
smokers of 30% for chronic phlegm (OR=l.30, 95% Cl. = 1.04-I .63), 41% for breathlessness 
during the day (OR=1.41, 95% C.I. = l-13-1.76), and 23% for dyspnea on exertion (OR = 
1.23, 95% Cl. = l-09-1.39). Nevertheless, the roles of PM10 versus NOa in the observed 
associations could not be ascertained, as NOs concentrations were strongly correlated with 
PM10 levels (r = 0.91). 

The SAPALDIA investigators also examined lung function (FEV, and FVC) in study 
participants in relation to several air pollutants, controlling for age, sex, height, weight, atopy, 
educational level, nationality, smoking status (never, ever, and current), workplace exposures, 
residential gas stove, serious respiratory infection before age 5, and other potentially 
influential covariates (Ackermann-Liebrich et al., 1997). Statistically significant decrements in 
both indices of lung function were found in relation to annual mean levels of PMIO, sulfur 
dioxide, and nitrogen dioxide, with the strongest effects being related to PM10 (-3.4% for FVC 
and -1.6% for FEVI in healthy never-smokers, per 10 pg/m3 annual average PM1 0, p<O.OOl 
for both estimates). The mean PM10 concentration in this study (measured only in 1993) was 
21.2 pg/m3 (SD = 7.4), with a range of 10.1 - 33.4. Similar, but slightly smaller, estimates 
were found for past and current smokers. As with the respiratory symptom analysis, however, 
the strong pollutant inter-correlations made it impossible to disentangle the effects of the 
various pollutants (rPMIO.SoZ = 0.93; rPM10, No2 = -91, rSo2.No2 = 0.86). Thus, they concluded that 
the principal source of all three pollutants, fossil fuel combustion, was associated with the 
decrements in lung function. . 

7.6.5 Summary 

In summary, the evidence of PM effects in these studies of morbidity in relation to chronic 
exposures is not as consistent as for mortality. In several studies, the various PM metrics are 
highly inter-correlated, or co-varied with gaseous pollutants, so that it was not possible to 
attribute the effects observed to any single pollutant or to a specific mix of pollutants (e.g., the 
Six-Cities, Children’s Health, and SAPALDIA studies). In studies examining effects of 
exposure to different PM metrics, in some cases the point estimates of effect were greater for 
those metrics encompassing the coarse fraction (e.g., Dockery et al., 1989), and .in some 
cases the reverse was true. Overall, there is some, albeit weak, evidence of a PM-related 
effect on chronic morbidity, as measured by chronic respiratory symptoms and lung function. 
However, it is not possible, based on current evidence, to identify which size cuts or specific 
constituents are likely to be most influential. 
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7.7.1 By Disease Status 

Pre-existing cardiovascular disease is clearly a risk factor for PM-related mortality. Many of 
the time-series studies, and both the ACS and Harvard Six-City chronic exposure studies, 
report statistically significant associations for cardiovascular-specific mortality (for example, 
Samet et al., 2000a; Ostro et al., 2000; Fairley, 1999; Schwartz, ‘l993). When compared with 
all-cause mortality, the cardiovascular-specific mortality typically (but not always) generates 
larger and more precise effect estimates for PM. These conditions might be further 
exacerbated ‘by pre-existing respiratory disease. Several mortality studies of acute air 
pollution exposure provide evidence to identify the most likely sensitive subgroups among 
adults. For example, Schwartz (1994b) reported that respiratory conditions were more likely to 
be contributing causes of death on high versus low PM days. Thus, air pollution was 
associated with increased deaths from respiratory conditions and increased deaths from other 
causes with respiratory conditions as a contributing factor. In a study of hospital admissions in 
Cook County, Zanobetti et al. (2001)b) four?d that acute brcnch,i?is and pneumonia increased 
the risk for admission to hospital with cardiovascular disease, while Zanobetti and Schwa& 
(2001) found that diabetics were also at greater risk. Finally, in a daily mortality study in 
Montreal (Canada), Goldberg et al. (2001b) found that the association between PM and 
mortality was elevated among those with acute lower respiratory disease, coronary artery 
disease, congestive heart failure, and any cardiovascular disease. No risk elevation was 
observed for those with acute upper respiratory disease, airways disease (which was defined 
to include chronic bronchitis, emphysema, asthma, and bronchiectasis), acute coronary artery 
disease (i.e., acute myocardial infarction, and other acute and subacute forms of chronic 
ischemic heart disease), bypertensisn or cerebpvqsqul,ar disease (i..e., stroke). Taken 
together, these, studies suggest that concurrent lower respiratory infectlons and subsets of 
cardiovascular disease may be precursors to death associated with PM. 

7.72 By Socioeconomic Status 

Several mortality studies have examined whether socioeconomic status (SES) and related 
factors such as education and race/ethnicity affect the magnitude of PM-mortality 
associations. These studies help address the question of whether factors linked with poverty 
or educationa I attainment render individuals more susceptible to the adverse edfects of 
exposure to air pollution. To date the findings have been mixed. The prospective cohort 
studies investigating the potential impacts of longer-term exposure appear to find consistent 
effect modification by education, whereas the acute exposure studies do not demonstrate 
much, if any, modification of these relationships. 

In their re-examination of the American Cancer Society (ACS) data set originally analyzed by 
Pope et al. (1995), Krewski et al. (2000) conducted an exhaustive set of sensitivity analyses. 
They considered a wide range of alternative specifications, ecological variables, corrections 
for spatial autocorrelation, interactions, adjustment for time-varying parameters, and 
measures of occupational exposure, smoking, and physical activity. Their findings 
corroborated those of the original study. 

However, the relative risk (RR) estimates from the prospective cohort studies vary 
significantly when the analysis was stratified by educational attainment (Table 7.5). For those 
with a less than high school education, the relative risk (RR) associated with an inter-quartile 
change in the annual average fine particle concentration was 1.35 (95% Cl. = 1.17 - 1.56), 
while for those with more than a high school education, the RR = 1.06 (95% C.I. = 0.95- 1.17). 
This lower risk associated with more education was also observed in the education-stratified 
re-analysis of the Dockery et al. (1993) study (Krewski et al., 2000). The lack of an 
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association among more well-educated individuals may indicate that better nutrition and 
access to health care (or some other variables correlated with educational attainment) may be 
important co-factors in air pollution-associated mortality. The effect of SES did not appear to 
be confounded by occupational exposures in these cohorts. For example, among the groups 
with either low or high occupational exposures, higher educational attainment was associated 
with lower risks from air pollution. Among individuals with lower educational attainment, 
poverty, poor nutrition, and less access to medical resources are all more common. 
Anecdotally, lower SES is also likely to be associated with residences closer to mobile and 
stationary sources of pollution. Therefore, it is possible that SES is simply associated with 
higher exposure to existing sources, rather than an effect modifier. 

In a third prospective cohort study (of Seventh Day Adventists in California), McDonnell et al. 
(2000) analyzed a subset located close to airports, in order to utilize airport visibility as a 
surrogate measures of PM25 For the population as a whole, no association was observed 
between alternative measures of PM (fine, coarse or PMIO) and either all cause mortality or 
non-cancer respiratory mortality. Similarly, no association was apparent for the male cohort. 
This group was then further disaggregated by other subsets including individuals who were: 
past smokers, exposed occupationally, exposed to ETS, with a history of cardiovascular or 
respiratory disease, using antioxidant pills, living in high-density areas, and not using alcohol. 
The largest observed effect, which was statistically significant, was among those living in high 
housing density, which is often associated with low SES. 

There is some, albeit fragmentary, evidence of effect modification of the PM-mortality 
relationship by income or education. For example, Zanobetti and Schwartz (2000) tested for 
effect modification in the four largest cities with daily PM10 data during the study period of 
1986 -- 1993 (Chicago, Detroit, Minneapolis-St. Paul, Pittsburgh). They used individual-level 
educational status from the death records of the National Center for Health Statistics. In three 
of the four cities, the PM10 effect for the cohort members with less than 12 years of education 
was larger than that for those with more than 12 years of education. In two of the cities, the 
PM effect for those in the low-education group was more than twice the other cohort. Thus, 
there was weak evidence of effect modification by education. In contrast, in a study of air 
pollution and mortality in 10 U.S. cities, Schwartz (2000a) examined whether the city-specific 
mortality effect was modified by several city-wide factors. No effect modification of the 
pollution effect was found from unemployment, living in poverty, college degree or the 
proportion of the population that is nonwhite, although sample size limited the ability for 
detection. Samet et al. (2000a) tested for effect modification of the PM1 O-mortality association 
among the 90 cities used in the study. Using aggregate (city-wide) statistics, they tested for 
potential modification using local SES-related variables, including household income, percent 
of the population having less than a high school education, percent using public transit, and 
percent unemployed. None of these factors helped explain the city-specific pollution effects- 
However, the variable representing the percent of the population having less than a high 
school education had a moderate (but still not statistically significant) association with the 
regression coefficients. 

The evidence to date, therefore, suggests that there may be a greater effect of PM among 
individuals from lower SES groups, although the actual risk factors are unknown. Candidate 
risk factors include poor nutrition, lower access to and use of health care, and higher air 
pollution exposures due to location of residences near PM sources such as freeways and 
industrial facilities. 
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7.7.3 By Age 

7.7.3.1 The Elderly 

Existing evidence suggests that most of the more severe effects of PM are likely to be 
experienced by elderly people with pre-existing heart or lung disease. For example, when the 
acute exposure mortality studies have disaggregated the sampte by age, the elderly 
subsample typically exhibits stronger associations and larger effect sizes. In some extreme 
cases, statistically significant effects are observed only for the elderly subset (Goldberg et al., 
2001b; Kelsall et al., 1997). As summarized in Table 7.6, PM has, in general, a 
disproportionate effect on the elderly. For example, a study in Brisbane, Australia (Simpson et 
al., 1997) found that 81% of all mortality occurred in the age group above 65, but 90% of the 
PM-related mortality occurred in this group. Likewise, in Santiago, Chile (Ostro et al., 1996) 
the rates are 65 and 79%, respectively. Thus, a large share, but not all, of the acute-exposure 
mortality occurs within the elderly population. 

7.7.3.2 Infants and Children 

While the elderly may dominate the potential population at risk, several recent cross-sectional 
and time-series studies have reported associations between ambient PM and neonatal or 
infant mortality, low birth weight or higher rates of prematurity. For example, in Rio de Janeiro 
(Penna and Duchiade, 1991) and the United States (Woodruff et al., 1997), cross-sectional 
associations have been reported between measures of PM and neonatal or infant mortality. 
Woodruff et al. (1997) studied a cohort of four million infants born between 1989 and 1991, 
who were studied using data from the National Center for Health Statistics- Infants were 
assigned three different PM10 exposure intervals based on metropolitan area-wide data 
averaged over the fit, 2 postnatal months. The mean PM10 was 31 j,@n3. Logi&ic 
regression was ‘used to examine whether there was an association between early neonatal 
exposure and total or cause-specific mortality, after controlling for other demographic and 
environmental factors. Associations were found between higher PM10 exposure and both all- 
cause and respiratory-specific mortality. 

Another study (Dejmek et al., 1999) evaluated the impacts of PM25 and PM10 on intrauterine 
growth retardation (IUGR) in the highly polluted Teplice District in the Czech Republic. Again, 
three different exposure intervals were determined for several pollutants (PM, nitrogen dioxide 
and sulfur dioxide) for each month of gestation. Data anaiysis found no effect from nitrogen 
dioxide, but PM10 and sulfur dioxide in early pregnancy were associated with IUGR, after 
controlling for several potential confounders. Both PM10 and PM2.5 (which were highly 
correlated in this study) were associated with the likelihood of an IUGR birth, defined as one 
where the birth weight fell below the 10th percentile by gender and age for live births in the 
Czech Republic. These results suggest that exposure to PM in Teplice (which includes 
PM2.5, PMIO, sulfates, acid aerosols and PAHs) early in pregnancy may impact subsequent 
fetal growth and development. 

Bobak and Leon (1998) conducted a matched case-control study of all births registered in the 
Czech Republic from 1989 to 1991, which were linked to death records. A logistic model was 
used to estimate the effects of PM on the risk of death, after controlling for socioeconomic 
status, birth weight and length, and gestational age. An association was found between PM 
and post-neonatal respiratory mortality. Bobak (2000) used a somewhat similar database of 
live births registered in the Czech Republic in 1990-I 991 to examine associations between air 
pollution and both low birth rate and prematurity. The birth outcomes were linked with 
pollution data on TSP, sulfur dioxide and nitrogen dioxide in the 67 of 85 districts (about 85% 
of all births) for which data were available. Outcomes studied included the likelihood of lower 
birth weight (<2,500 g), prematurity (c 37 weeks of gestation) and IUGR (< 10th percentile of 
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birth weight for gestational age and sex). The analysis controlled for sex, parity, maternal age 
group, education, marital status, nationality and month of birth. Associations were found 
between TSP (median concentration = 72 pg/m3) and- both low birth weight and prematurity, 
but not with IUGR. The association with TSP and low birth weight appeared to be explained 
by low gestational age. 

In both the cross-sectional and case-control study designs, it may be difficult to separate the 
effects of pollution from other factors such as poverty, exposure patterns (e.g., in the higher 
pollution areas people may spend more time outside or’ live closer to highways), and diet. 
However, daily time-series studies have also reported associations between changes in PM 
and infant or-child mortality in Mexico City (Loomis et al., 1999) and Bangkok (Ostro et al., 
1999a). The statistical models used in these studies were similar to those used in the adult 
mortality studies of acute exposure - general additive Poisson models, controlling for time, 
season and weather. In Mexico City, 3- to 5-day lags in PM2.5 (mean = 27 pg/m3) were 
associated with infant (c 1 year) mortality. Likewise, in Bangkok, lags of 2 or 3 days of PM10 
(mean = 65 pg/m3) were associated with child (c 5 years) mortality. These two studies 
suggest about a 2 to 4% increase in daily infant mortality per 10 pg/m3 PM1 0. In both of the 
cities, however, the personal exposure to PM is likely to be much greater than in the U.S. due 
to factors such as weather, poverty, time spent outdoors, and housing ventilation. In addition, 
differences in prenatal maternal health status and early postnatal infant diet may make it 
difficult to extrapolate these findings to California. 

Finally, Ritz et al. (2000) reported associations between PM and both low birth weight and 
premature delivery among a cohort of 98,000 neonates born in Southern California between 
1989 and 1993. Prematurity was defined as a birth occurring at less than 37 weeks of 
gestation. Seventeen monitoring stations throughout the Los Angeles air basin had data for at 
least four pollutants of interest, including PMIO, carbon monoxide, nitrogen dioxide and 
ozone; only 8 of the stations had PM10 data. Only births for women living within 2 miles of a 
monitoring station were included in the analysis. Pollution exposures were averaged over 
several distinct periods, such as 1, 2, 4, 6, 8, 12, and 26 weeks before birth and the entire 
pregnancy, as well as averages over the first and second months of pregnancy. Several 
known risk factors were controlled for, including maternal age, race, education, parity, sex of 
the infant. However, data were not available for maternal smoking or exposure to ETS, marital 
status, maternal height, and pregnancy weight gain. Ultimately, the strongest association was 
found between PM1 0 averaged over the 6. weeks prior to birth and the likelihood of pre-term 
birth. 

7.7.4 Summary 

Taken together, the evidence to date suggests that exposure to PM is likely to have a 
disproportionate effect on the elderly, and possibly on children and infants- The impacts on 
the elderly have been observed in both the mortality and the hospitalization studies. In the 
latter, associations were found between PM10 and hospitalization for both cardiovascular 
disease and respiratory diseases, including COPD and bronchitis- These outcomes are 
observed primarily in the elderly, and many of the studies restricted the sample to those 
above age 65. It may be premature to generalize the findings of the effects of PM exposure 
on infants. Many of the studies were cross-sectional in nature, making it more difficult to 
attribute the effect to a single factor. On the other hand, the time-series studies were 
undertaken outside of the U.S., where the pollution concentrations, exposure conditions and 
underlying socioeconomic factors may be very different from that in the U.S. Besides 
predicting mortality, several studies have reported associations between exposure to PM and 
low birth weight, prematurity, and IUGR. 
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Table 7.5. Relative Risk Estimates -for, Mortality Related to Average Annual PM2.5 -- 
Effect Modification by Education in Two Prospective Cohort Mortality 
Studies* 

Less than High High School Post-high 
School Education Graduates school 

education 

1.20 1.05 

(1.13 - 1.42) (I -08 - 1.33) (0.96 - 1.23) 

1.30 0.98 

(1.13- 1.85) (0.98 - 1.73) (0.72 - 1.36) 

* - Pope et al. (1995); Dockery et al. (1993) 

** - A PM2.5. = inter-quartile range of PM2.5 (annual average) 

Table 7.6. Pollution-related mortality versus all-cause 
population. 

City . First Author % Ware of Total 
Morblity for 

Elderly 

Santiago, CH Ostro (1996) 65 

Mexico City Loomis (1999) 57 

London Bremner (1999) 82 

Bangkok Ostro (1999) 66 

Brisbane, AU Simpson (1997) 81 

Philadelphia Kelsall (1997) 41 

mortality in the elderly 

% Share ofPollution- 
related Mortality for 

Elderly 

68 

62 

: 

73 

90 

33 

7.8 Biological Mechanisms 

7.8.1 Overview 

Until recently, there was no clear mechanistic explanation for the observed epidemiological 
findings of mortality and morbidity following acute or subacute exposure to ambient particles, 
especially those findings referable to the cardiovascular system. However, within the past few 
years epidemiological and controlled exposure studies in human subjects, as well as some 
toxicological investigations, have provided evidence of several biologically plausible 
mechanisms that may underlie some of the serious adverse effects observed in the time- 
series investigations. The initial target organ affected by exposure to particles is the lung, 
though small particles have been reported to penetrate into the blood and be detected in the 
systemic circulation within minutes of inhalation (Nemmar et al., 2001a, b). Within the lung, 
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effects have been observed in both the conducting aiiays and the gas-exchange zone, both 
of which may result in local and systemic effects. In epidemiological studies examining the 
relationships between PM pollution and mortality, in particular, effects have often involved the 
cardiovascular system. Much of this section will focus on recent research suggesting 
mechanisms by which systemic effects, particularly those affecting the heart, may occur. 

The basic pathophysiological models of PM-related health impacts begin with deposition of 
PM in the airways and the alveoli, eliciting an inflammatory response, and potentially affecting 
pulmonary defenses against infection. Inflammation is a stereotyped biological response to 
injury or infection and, although necessary in principle for the defense of the organism’s 
physiologica! integrity, can also result in amplification of injury, both locally and systemically. 
A variety of cell types in the lung (e.g., alveolar macrophages and epithelial cells) may 
respond to the presence of particles by secreting chemical messengers (cytokines and 
chemokines), which in turn can attract inflammatory cells to the lungs from the circulation. 
Particles may also adversely affect the ability of macrophages to protect the lung against 
inhaled micro-organisms, which could result in enhanced susceptibility to infection. 
Programmed cell death (apoptosis) may be induced in both epithelial cells and macrophages 
by particles, further reducing native defenses against environmental stresses. Inflammation of 
the bronchi and bronchioles is associated with airway hyperresponsiveness, accompanied by 
an increased propensity of smooth muscle cells of the airways to constrict in response to 
irritants, cold air, pharmacological spasmogens, and -other agents. 

Acute responses to PM may also involve effects on the autonomic nervous system and the 
composition of the blood. Chronic lung diseases, including asthma, emphysema, and chronic 
bronchitis, all involve ongoing, unresolved inflammation in the lung. Additional inflammatory 
stimuli in the lungs could exacerbate chronic lung disease, resulting in bronchoconstriction 
and respiratory symptoms, as well as reduced blood oxygenation. In addition, chronic 
inflammation may facilitate PM-induced release of pro-inflammatory mediators, resulting in 
additional pulmonary inflammation and systemic (including cardiac) effects. 

7.8.2 Pulmonary and Systemic Inflammation 

Reports in humans and experimental animals suggest that inhalation of particles from diverse 
sources can cause pulmonary and systemic inflammatory responses. Many of these 
experiments involved exposure concentrations well above ambient levels, as well as 
nonphysiologic modes of administration {such as intratracheal administration), both of which 
must temper extrapolation of the results to general population exposures. In a variety of in 
vivo animal and in vi&o experimental models (Costa and Dreher, 1997; Kennedy, et al., 1998; 
Brain, et al., 1998; Li et al., 1996), exposures to high concentrations of PM have been found 
to cause lung inflammation, cell and tissue injury, and changes in cell populations. In many 
cases, toxicological studies involving high-level exposures in vifro or by intra-tracheal 
instillation or inhalation indicate that the presence of soluble transition metals (e.g., iron, 
vanadium, nickel) enhances inflammatory responses (Kodavanti et al., 1997, 1999; Monn and 
Becker, 1999; Costa and Dreher, 1997; Li et al., 1997). These metals may generate localized 
oxidative stress through the formation of oxygen-based free radicals, such as the potent 
hydroxyl radical (Donaldson et al., 1997). The injury caused by oxidative stress may lead to a 
decrease in epithelial integrity, resulting in enhanced transfer of particles into the lung 
interstitium. The presence of particle-associated metals is not, however, a sine qua non for 
inflammation to take place. Ultrafine carbon black particles (i.e., particles ,of aerodynamic 
diameter less than 100 nm or 0.1 pm) appear to cause markedly greater inflammation than 
fine particles in experimental settings; these effects of ultrafine particles are not mediated by 
soluble metals or iron at the particle surface (Brown et al., 2000). Moreover, on a mass basis, 
ultrafine carbon black particles exert a greater effect than fine particles in vifro on alveolar 
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macrophage function which could, in theory, affect t’he host’s ability to clear. other particles, 
including infectious micro-organisms (Renwick et al., 2001): 

PM-associated organic compounds such as polycyclic aromatic hydrocarbons (PA&) may 
also exert toxic effects in the lung via oxidative stress. A series of experiments using diesel 
exhaust particles (QEP) demonstrates the induction of reactive oxygen species (ROS, 
including hydrogen peroxide and superoxide) by both lung macrophages and epitheiial cells 
(Nel et al., 2001) Generation of such oxidant stress can activate specific transcription factors, 
including nuclear factor KB and activator protein-l, which can upregulate the expression of 
genes for cytokines, chemokines, and other pro-inflammatory mediators. DEPs or organic 
extracts of DEPs may also, through oxidant effects on mitochondria, induce programmed cell 
death (apoptosis) or necrosis of macrophages and respiratory epithelial cells (Nel et al., 
2001). Moribund macrophages release additional ROS in their immediate environments, 
amplifying the oxidative stress and, in addition, would be unable to engulf and kill infectious 
micro-organisms. Apoptosis of respiratory epithelial cells could lead to a loss of integrity of the 
lining of the airways, which may facilitate airway hyperresponsiveness and exacerbation of 
asthma or other conditions invoiving airway infiammation. Generation of oxidant stress has 
also been demonstrated both in vivo and in vitro after exposure to concentrated, resuspended 
PM25 and ultrafine carbon black (Shukla et al., 2000). While these experiments are 
suggestive of potential effects in humans, the exposure modes and concentrations used 
constrain the general applicability of the results. 

Although there has been little toxicological work examining potential impacts of caarse versus 
fine particles, some recent literature indicates that, in, v&o, the coarse fraction can elicit 
greater pro-inflammatory effects than the fine fraction, due at least to metals and endotoxin in 
the. coarse fraction (Mont-r and ‘Becker, 1999; Soukoup and Becker, 2001). Endotoxin 4s a 
generic name for an essential component of’grtim-negative bacterial cell walls, and is nearly 
ubiquitous in soils. Exposure of humans to endotoxin in largely occupational settings has 
resulted in increased lung inflammation, enhanced airway responsiveness, increases in 
systemic immune cell populations, and decrements in lung function (Michel et al., 1997; 
Vogelzang et al., 1998; Zock et al., 1998). Monn and Becker (1999) demonstrated the 
importance of endotoxin associated with the .coarse particle fraction (PMIO-PM2.5) in the 
induction of pro-inflammatory cytokines, such as interleukin-6. In these in vitro studies, coarse 
fraction PM induced cytokine levels 50 times higher than those seen with the soluble fractions 
of coarse PM or fine-mode particles. Kleinman et al. (1995) demonstrated that lung 
permeability, a measure of cell damage and inflammation, was increased by coarse fraction 
road dust exposure in a dose-dependent fashion. While the relevance of such work to human 
responses to ambient PM remains to be established, it is clear that different size cuts of PM 
(coarse, fine and ultrafine) of PM10 can deposit throughout the airways (see Section 7.1), and 
have the potential to elicit intrapulmonary inflammation and compromise the functional 
abilities of alveolar macrophages. 

The intrapulmonary responses elicited by PM may be due in part to neurogenic inflammation. 
Sensory neurons in contact with irritant particles (e.g., within the conducting airways) can be 
stimulated to release neuropeptides (e.g., substance P, calcitonin gene related peptide, 
neurokinin A and others), which can initiate airway inflammatory events, including release of 
cytokines, vasodilation, and mucus secretion. Neuropeptides act on a variety of cell types 
within the lung, including epithelial and smooth muscle cells (resulting in modulation of 
inflammation and airway hyperresponsiveness), as well as immune cells (polymorphonuclear 
cells or PMNs, lymphocytes, eosinophils, and others), which can amplify the inflammatory 
response. Recent in vitro experiments indicate that specific irritant (capsaicin or vanilloid) 
receptors on neurons are necessary for PM-related neurogenic inflammation to occur, as 
evidenced by responses to several types of particles, including ambient particles collected 
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from St. Louis and Ottawa, coal fly ash, residual oil fly ash, and particles from the eruption of 
Mt. St. Helens (Veronesi et al., 2000). _’ 

Several controlled exposure studies in humans clearly demonstrate that particle inhalation 
evokes an inflammatory response. Salvi et al. (1999) exposed 15 healthy human adult 
volunteers to either air or diesel exhaust (PM10 concentration = 300 pg/m3) for an hour each, 
at least 3 weeks apart, and examined inflammatory responses 6-hr post-exposure in bronchial 
washings, bronchoalveolar lavage fluid, bronchial biopsies, and in peripheral blood samples. 
They observed a vigorous inflammatory response in the samples obtained from the lung, 
including significantly increased numbers of PMNs, T- and B-lymphocytes, mast cells, 
inflammatory‘ mediators (histamine and fibronectin), as well as several adhesion molecules 
that facilitate the passage of inflammatory cells from the circulation into the airways. In the 
blood samples, they reported increased platelets (cells involved in the initial formation of 
blood clots) and PMNs, suggesting that the diesel exposure stimulated the bone marrow to 
release these cells into the circulation and then to the airways- 

Subsequently, the same group of investigators reported that this diesel exposure protocol 
also resulted in increased intra-airway transcription of messenger RNA for interleukin-8 (IL-8) 
a protein that attracts PMNs to sites of injury (Salvi et al., 2000). In addition, they detected 
increased production of IL-8 and another protein (GRO-a), both of which promote 
inflammation, in the subjects’ airways- Another laboratory (Nightingale et al., 2000) also 
reported evidence of airway inflammation following a different experimental protocol in 10 
healthy adult volunteers (involving 2-hr exposures to 200 pg/m3 of resuspended diesel 
exhaust particles, with different timing and methods of obtaining intra-airway specimens). 
Though this group found no increases in three mediators of inflammation in the subjects’ 
blood, they ‘aid report an increase in exhaled carbon monoxide after diesel exhaust exposure, 
suggesting the presence of oxidative stress in the lung (Nightingale et al., 2000). The 
increased exhaled carbon monoxide levels are thought to be due to the oxidant-related 
induction of the enzyme heme oxygenase, which catalyzes the first step in the degradation of 
heme (the principal structure of hemoglobin) to bilirubin, producing carbon monoxide as a by- 
product (Otterbein et al., 2000). Though the findings of Nightingale et al. (2000) are somewhat 
inconsistent with those of Salvi et al. (1999, 2000) some of the discrepancies may be due to 
differences in the study designs and methods. For instance, some of the discordance may be 
due to differences in doses or in the timing of sample collection; inflammatory responses 
follow a consistent succession of events, with increases in different cytokines and cell types 
occurring sequentially. These events begin within hours of the initial exposure, which could 
help explain the short time lag between exposure and outcome observed in some time-series 
studies (Nordenhall et al., 2000). 

Taken together, these publications suggest a potential pathway by which particles might 
increase airway inflammation and provoke exacerbations of chronic respiratory disease such 
as asthma. However, these data should be interpreted cautiously. First, the exposure 
concentrations were relatively high: ambient particle levels rarely reach 200 - 300 pg/m3 in the 
U.S., though this range is not uncommon in some of the larger cities in the developing world. 
In addition, diesel exhaust exposures may not be representative of PM generally, and are well 
recognized to enhance allergic inflammation (Nel et al., 1998). However, in some cities 
outside the U.S. (such as London, UK, or Santiago, Chile), diesel exhaust particles comprise 
the majority of small particles (QUARG, 1993; Cifuentes et al., 2000). Moreover, other 
particles administered in high doses (e.g., residual oil fly ash) are capable of amplification of 
the allergic response in experimental animals (Gavett et al., 1999). Finally, the Salvi et al. 
studies involved whole diesel exhaust, which also contains oxidant gases known to enhance 
intra-pulmonary inflammation. While additional controlled studies using lower exposure 
concentrations might be useful to confirm these results, these kinds of investigations have 
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other limitations on interpretability, including the typically small number of subjects, ethical 
and practical constraints on subject eligi,bility (i.e., those at either end of the .age spectrum, 
people who are seriously ill would routinely be excluded), and other factors that might bias the 
results towards the null hypothesis of no effect. 

Bn a controlled study using particles potentially more representative of those to which the 
general population is exposed, Ghio et al. (2000) reported evidence of mild airway 
inflammation, without concomitant lung injury. In this study the investigators used 
concentrated ambient particles (CAPS) collected in the immediate vicinity of the Human 
Studies Facility of the U.S. EPA in Chapel Hill, NC. The investigators exposed 38 healthy 
adults once to either clean air (n = 8) or CAPS (n = 30) for 2 hours, with intermittent exercise. 
The CAPS exposures ranged from 23.1 to 311 .I pg/m3 of PM2.5, with a mean concentration 
of 120.5 pg/m3. Technical limitations of the concentrator restricted the range of particles 
collected to those with diameters between 0.1 and 2.5 pm. As reported in the controlled diesel 
exposure studies (discussed above), they found an influx of PMNs into the airways (an 
approximately 3.7-fold increase in bronchial washings and 6.2-fold increase in 
bronchoalveolar washings obtained 18 hr post-exposure), comparable to what has been 
observed among individuals exposed to low concentrations of ozone for several hours. 
However, they found no increase in indicators of lung injury or in the concentrations of a 
variety of pro-inflammatory mediators (11-8, IL-6, fibronectin, and others) in the lung lavage 
fluid. Moreover, most of the blood parameters analyzed showed no exposure-related changes 
(hemoglobin, hematocrit, red blood cell count, PMNs, lymphocytes, other white bl.ood ceils 
[monocy-tes], platelets, ferritin [an iron transport protein that can increase during the early 
phases of an inflammatory reaction], or blood viscosity). However, fibrinogen, a key 
constituent involved in blood clotting, was elevated by the CAPS exposures relative. to clean 
air (p =,0.009), with no obvious exposure:dependence. Thus, whiie not-entirely ,wnsistent with 
the diesel exhaust controlled exposure studies discussed in preceding paragraphs (which 
may be due in part to differences in experimental protocol), this CAPS study suggests that 
exposures to ambient particles in healthy humans can result in a mild pulmonary inflammatory 
response. Though the exposure concentration was higher than what would ordinarily be 
encountered in the U.S., the cumulative particle exposure experienced by most of the 
subjects in this experiment would be lower than 24-hr PM exposures in many urban areas. 

Tan et al. (2088) obtained venous blood samples at weekly intervals from 30 mi!itary recruits 
in Singapore who followed standardized outdoor activities throughout the Southeast Asia 
haze episode of 1997 resulting from wildfires in Indonesia. Measures of immature PMNs in 
the subjects’ blood were analyzed in relation to daily measures of several pollutants (including 
24-hr PMIO) monitored during and after the haze episode, which lasted for about 5 weeks. 
During the episode the mean PM10 concentration was 125.4 pg/m3, while afterwards it was 
about 40.0 pg/m3. Tan et al. (2000) found the strongest relationship between same-day PM10 
and increased immature PMNs in the circulation, though there was also a statistically 
significant relationship with a one-day lag. Although not sufficient to establish a cause-and- 
effect relationship, these results suggest an immediate stimulation of the bone marrow from 
inhalation of smoke containing high levels of particles, resulting in the early ejection of 
immature PMNs into the circulation. 

in a subsequent experiment in which rabbits had 5 mg of PM10 (previousiy collected in 
Ottawa, Canada) instilled intrapharyngeally twice a week for three weeks, the same 
laboratory found that repeated PM exposure increased the production of PMNs in the bone 
marrow and accelerated their release into the circulation (Mukae et al., 2001). The PM10 
exposure resulted in diffuse inflammation of the lungs, with particles present in alveolar 
macrophages, lung epithelial cells (Type II pneumocytes), and in the airway walls. The effects 
on PM$J production in bone marrow and release of immature cells into the blood were 
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associated with the numbers of particles ingested by alveolar macrophages. Also, for 
purposes of comparison, the investigators found that a higher percenta,ge of human alveolar 
macrophages, obtained from lung sections removed from both smokers and nonsmokers with 
small lung tumors, contained fewer particles than those taken from the experimental rabbits 
(Mukae et al., 2001). 

For individuals with chronic lung disease, such as asthma or COPD, such pro-inflammatory 
effects may result in exacerbation of disease. PM effects on alveolar macrophage function 
may also compromise one of the principal pulmonary defenses against infection (Renwick et 
al., 2001). The latter may also represent an important pathway for worsening of both asthma 
and COPD, as serious exacerbation of both conditions is often related to respiratory infection. 

Taken together, these data suggest that inhalation of different sources of particles may initiate 
inflammatory events in human lungs, with some (albeit sparse) evidence of systemic impacts, 
including stimulation of bone marrow to accelerate production of inflammatory cells to 
respond to the pulmonary insult. However, these observations are subject to the caveat that 
the results observed in the high-dose animal and in vifro experiments, as well as in the 
controlled human exposures, may or may not be directly applicable to humans exposed to 
ambient PM. 

7.8.3 Effects on the Circulation and Cardiac Events 

Changes in the composition of the blood may result from PM exposure, with potentially 
serious effects on individuals with cardiovascular disease. Several years ago, Seaton et al. 
(1995) proposed that exposure to ultrafine particles might induce alveolar inflammation, which 
could lead to exacerbation of pre-existing lung disease and increased blood coagulability. 
Increased blood coagulability could in turn lead to acute cardiovascular events, notably 
myocardial infarctions, by the formation of blood clots (thrombi) in compromised coronary 
arteries, or through the formation of such thrombi in other sites, which subsequently travel 
through the circulation to the coronary arteries. Research during the past decade has 
demonstrated that thrombus formation is the critical event in many patients suffering an acute 
coronary event (Rosito and Tofler, 1996). As described above, several studies of controlled 
exposures to particles demonstrate increases in both cellular and biochemical markers of 
inflammation in the lung (Salvi et al. 1999, 2000; Nightingale et al., 2000; Ghio et al., 2000). 
This observation is subject to the caveat that three of these four studies involved exposures to 
high concentrations of diesel exhaust particles, which may not necessarily be representative 
of ambient PM generally. The Ghio et al. (2000) study also noted a PM-related increase in 
fibrinogen, a key component in blood coagulation). Fibrinogen concentrations have been 
reported to be elevated in cigarette smokers and individuals exposed to cigarette smoke, 
which is well recognized as a risk factor for cardiovascular disease (Sato et al., 1996; Iso et 
al., 1996). At least one study of rats exposed to residual oil fly ash particles at a high dose 
level (8.3 mg/kg by intratracheal instillation) also found an increase in the animals’ blood 
fibrinogen levels (Gardner et al., 2000). Plasma viscosity was also elevated in these animals, 
but not significantly so. Some recent epidemiological data suggest potential effects of 
particulate air pollution on blood coagulation (Peters et al., 1997; Seaton et al., 1999). 
Recently, PM pollution has also been linked with the onset of myocardial infarction (Peters et 
al., 2001a). While the existing evidence is still somewhat sparse and is not completely 
consistent, plausible mechanisms for the time-series results regarding cardiovascular 
morbidity and mortality are beginning to emerge. 

Using data collected as part of a large cross-sectional study of cardiovascular risk factors in 
southern Germany (MONICA -- MONltoring of trends and determinants in CArdiovascular 
disease), Peters et al. (1997) analyzed blood viscosity in relation to a 13-day air pollution 
episode that occurred in January 1985. During the episode, TSP and sulfur dioxide were 
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markedly elevated. The investigators found that, although the distributions of viscosity had not 
shifted during the episode’, there was a -tendency (among ‘some of the participants) towards 
higher values on episode days. During the air pollution episode, the risk of having blood (or 
strictly speaking, plasma) viscosity above the 95’h percentile [determined for the whole study, 
including before and after the episode] was increased in both genders (OR = 3.62, 95% Cl = 
1.61-8.13 for men, and OR = 2.26, 95% Cl = 8.97-5.26 for women). Odds ratios for increased 
plasma viscosity related to a 100 pg/m3 increment in TSP concentration were also elevated 
for both men and women, but were not statistically significant. Blood viscosity has been 
associated with severity of cardiovascular disease (Junker et al., 1998). Moreover, subjects 
with elevated plasma viscosity also tended to have increased heart rates as well, suggesting 
multiple pathways of elevated cardiovascular risk (Peters et al. 2000b). Fibrinogen, one of the 
principal proteins involved in the determination of blood viscosity, is well established as an 
important independent risk factor for myocardial infarction and stroke (Yarnell et al., 1991; 
Ernst et al., 1993). However, fibrinogen was not specifically assayed in this investigation. 

In a subset of the German MONICA study population, consisting of 631 randomly selected 
neaithy men aged 45 to 64 years, the investigators examined C-reactive protein 
concentrations in blood obtained during the initial cross-sectional study (A98485) and again 
three years later (Peters et al., 2001b). C-reactive protein (CRP) is a sensitive indicator of 
infection, injury, and inflammation, and has been linked with increased risks of both incidence 
and. exacerbation of cardiovascular disease (Haverkate et .al., 1997; Rifai and Ridker, 2001). 
CRP levels were elevated during the 1985 air pollution episode, with the strongest effects 
related to TSP. In multivariate regression analyses, the odds of having elevated CRP above 
the 95th percentile (for the entire study) were increased by =: 50% for same-day TSP (31 
pg/m3 inter-quartile range), to = 75% for a five-day TSP average (26 pg/m3 inter-quartile ,. 
range). These .inoreases were ,unchanged even after deletion- of the 1985 episode days, 
indicating that acute and subacute effects could be observed even at normal ambient PM 
levels: the mean TSP concentrations during the two study periods were 54 pg/m3 in 1984185 
and 47.8 pg/m3 in 1987-88. 

In a large, representative cross-sectional sample of the United States population, Schwartz 
(2001 b) found that ambient PM.) 0 was associated with elevated blood levels of several 
cardiovascular risk factors. Schwartz (2001 b) examined local PM1 0 concentrations either the 
same day or the day before an extensive questionnaire and physical examination (inc!uding 
obtaining venous blood samples) were administered to approximately 20,000 individuals in 44 
communities as part of the Third National Health and Nutrition Examination Survey. In single 
pollutant models, controlling for age, race, sex, body mass index, and cigarette smoking, 
PM1 0 concentrations were significantly associated with serum fibrinogen levels, platelet 
counts, and white blood cell counts. Platelets and fibrinogen were also associated with NO*, 
while WBC counts were associated with S02: none of the three blood markers were 
associated with ozone. In multi-pollutant models, only the coefficients linking PM10 and these 
cardiovascular risk factors remained significant. Schwartz undertook extensive sensitivity 
analyses, examining the potential impacts of social factors (poverty, educational attainment, 
household size), other exposures (environmental tobacco smoke, serum cotinine [a biomarker 
of exposure to tobacco smoke], use of a wood stove, fireplace, or gas stove), dietary 
influences (serum vitamin C, intake of fish, shellfish, saturated fat, caffeine, and .alcohol), as 
well as other cardiovascular risk factors (systolic blood pressure, total serum cholesterol and 
high density lipoprotein levels). The associations between PMlO and fibrinogen, platelet 
counts, and WBC counts remained robust to the inclusion of all of these potential confounders 
and effect modifiers. The estimated odds ratios for being in the top 90th percentile of the 
distribution of these blood markers for the entire NHANES population associated with an 
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interquartile change in PM10 (26 pg/m3) were 1.77 (95% Cl = 1.26-2.49) for-fibrinogen, 1.27 
(95% Cl = 0.97-q .67) for platelet counts, and. 1.64 (95% Cl = 1.‘17-2.30) for WBC counts. 

Seaton et al. (1999) obtained monthly blood samples from 112 elderly individuals in two cities 
in the United Kingdom, and investigated relationships between several blood constituents and 
3-day PM10 concentrations (including modeled personal exposure and central city real-time 
measurements). While there was no relationship between personal PM exposure and 
fibrinogen, the investigators found an unanticipated pattern of PM-associated changes in 
blood components suggesting a sequestration of red blood cells, specifically decreased levels 
of hemoglobin, RBCs, and packed cell volume. In addition, there was a significant decrease in 
platelets in relation to personal PM exposure and a decrease in fibrinogen associated with 
central-city PM measurements (both of these blood components are involved in the formation 
of blood clots). Finally, they observed a significant increase in CRP, consistent with the recent 
Peters et al. (2001 b) study discussed above. Seaton et al. (1999) speculated that these 
results might be explained by particle-associated effects on RBC adhesive properties, making 
these cells more likely to be involved in thrombus formation in the circulation. The findings 
related to decreased RBCs, hemoglobin, platelets and fibrinogen are not entirely consistent 
with the results of the controlled exposure study by Ghio et al. (2000) or the cross-sectional 
data from Schwartz (2001 b), discussed above. 

If indeed PM pollution might be causally linked with increased formation of blood clots, one 
might also expect to see a relationship with the incidence of myocardial infarctions. One 
mechanism by which myocardial infarction may develop is through disruption of an 
atherosclerotic plaque in one of the coronary arteries; the extent to which this becomes a site 
of thrombus formation depends in part on the balance of forces affecting blood coagulation in 
the individual’s circulation. Recently, Peters et al. (2001a) examined potential associations _ 
between PM concentrations and the timing of symptom onset in 772 patients with myocardial 
infarction in the greater Boston area. They found significant associations between symptom 
onset and both acute (within 2 hr prior to symptom onset) and subacute (24-average PM2.5 in 
the previous day) exposures, after adjusting for season, weather, and day of the week. 
Moreover, they found increasing risks with increasing PM25 concentrations- Adjusted odds 
ratios for increases in PM25 from the 5* to the 9!?’ percentiles in 2-hr (25 pg/m3, 
representing the range of the 2-hr average PM2.5 distribution between the 5’h and 95’h 
percentiles) and 24-hr (20 pg/m3, representing the range of the 24-hr average PM25 
distribution between the 5’h and 95’” percentiles) exposures were 1.48 (95% Cl=1.09-2.02) 
and 1.62 (95% Cl=1 .I 3-2.34), respectively. For PM1 0 the comparable odds ratios for 2-hr (40 
pg/m3) and 24-hr (30 p.g/m3) averaging times were 1.51 (95% Cl=1 -06-2.15) and 1.66 (95% 
CI=l.l l-2.49) respectively. In this study the mean levels of 2-hr and 24-hr average PM2.5 
were both 12.1, and for PM10 the corresponding mean values were both 19.4, though in both 
instances the shorter averaging intervals showed greater variability. Interestingly, the entire 
range of 24-hr PM2.5 concentrations in this study was lower than the U.S. EPA’s ambient air 
quality standard for fine particles of 65 pg/m3. 

7.8.4 Disturbances of the Cardiac Autonomic Nervous System 

PM-associated mortality may be explained, at least in part, by alterations in autonomic 
nervous system balance. Heart rate variability (HRV - a measure of the heat-t’s ability to 
respond to stress), resting heart rate, blood pressure, and cardiac arrhythmias are all 
intimately connected with the balance between the two principal components of the 
autonomic nervous system - i.e., sympathetic and parasympathetic nervous systems. 
Numerous studies have demonstrated an association between cardiac autonomic balance 
and all-cause mortality (Tsuji et al., 1994), sudden cardiac death (Algra et al., 1993), and 
death due to congestive heart failure (Szabo et al., 1997). 
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HRV refers to oscillations both in the intervals between consecutive hear-t-beats and in 
consecutive instantaneous heart rates as observed on an’electrocardiogram., Reduced HRV 
is considered a good predictor of increased risk of cardiovascular morbidity and mortality 
(Tsugi et al., 1994; 1996; Nolan et al., 1998). HRV can be used to stratify the risk of sudden 
death following myocardial infarction (Kleiger et al., 1987; Copie, 1996) and in congestive 
heart failure (Szabo et al., 1997). A marked decrease in HRV is observed immediately 
preceding EKG changes precipitating ischemic sudden death; fatal arrhythmias may be 
triggered by such sudden autonomic dysfunction (Corbalan et al., 1974; Pozzati et al., 1996). 
Although decreased HRV clearly indicates a worse prognosis for individuals with heart 
disease, it is unknown whether this relationship is causal or whether decreased HRV 
represents only an epiphenomenon of more fundamental pathophysiological changes. 
Moreover, though several studies (described in the following paragraphs) demonstrate 
associations between PM exposure and HRV, the mechanistic linkage (if any) between these 
phenomena is unknown. 

Several recent publications have linked exposure to ambient PM with decreased HRV (Liao et 
ai., 7999; Gold et ai., 2000; 2ope et al., 7999~ ). There are at least a ha!S dozen ways of 
measuring changes in HRV discussed in these papers, and there are some differences in 
results between’ studies- However, they are all consistent in demonstrating an inverse 
relationship between particulate air pollution and at least one measure of HRV. Of particular 
interest in these studies is the observation that these HRV changes could be observed shortly 
after exposure to PM (i.e., within hours). 

The first published study examining the relationship between air quality and heart rate 
variability involved seven individuals with heart disease (congestive heart failure, angina, 
history of myocardial infarction, coronary artery bypass graft surgery, ‘and arrhythmias), j’ 
whose’ he&i-t ‘rates and rhythms were m~oiittored on several occasions tith ‘and’ without 1 
elevated levels of particulate air pollution (Pope et al., 1999c). In this small study, PM10 was 
associated with decreased measures of total HRV (SDNN) and long-term HRV (SDANN), but 
an increase in one of the short-term measures of parasympathetic tone (r-MSSD). While 
parasympathetic tone is generally considered to have a beneficial or protective effect, there is 
at least one study suggesting that increases in parasympathetic stimulation of the heart may 
be linked to serious arrhythmias (Kasanuki et al., 1997). 

Liao and colleagues (1999) undertook standardized cardiac monitoring in 26 elderly residents. 
of a retirement home in Baltimore over a three-week period, examining changes in HRV in 
relation to several concurrently measured indoor and outdoor particulate metrics. Among the 
18 subjects with pre-existing cardiovascular disease, the investigators reported statistically 
significant, decreased HRV in relation to several indoor and outdoor measures of PM25 
measured the same day or one day previously. Minimal, nonsignificant effects were observed 
among the subjects with no documented cardiovascular disease, though the number of 
individuals in this group was small (n=8). One aspect of the analysis included dividing each 
individual’s HRV (specifically, the high-frequency power, an indicator of parasympathetic 
tone) into tertiles, and evaluating the relationships between PM2.5 levels and the position of 
the high-frequency power on any given day within that individual’s distribution for the whole 
study. The investigators reported that, when the 24-hour PM2.5 concentration exceeded 15 
pg/m3, the risk of having an individual’s HRV in the lowest third of his or her HRV distribution 
increased by three-fold, compared to days when the PM2.5 concentration was lower (OR = 
3.08, 95% Cl. = 1.43 - 6.59). The clinical significance of this report is unclear; however, as 
cardiac parasympathetic activity is generally considered beneficial, acute decreases in this 
index of HRV may indicate an increased risk of an adverse cardiac event. 
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Gold and colleagues (2000) conducted 163 brief (25 minutes) electrocardiographic 
measurements in 21 ambulatory Boston residents (aged 53‘to’87), once a week over a three- 
month period. Ambient PM2.5 and PM10 were measured in real-time with TEOMs located 
about 6 km from the study site. They reported a variety of statistically significant effects on 
two measures of HRV related to PM2.5, measured during the hour of EKG monitoring and 
during the three hours prior to such monitoring. No associations between PM25 and HRV 
were seen at a lag period longer than 24 hours, nor was any association noted for coarse 
particles. Although different metrics were used in this study than in the Liao et al. (1999) 
investigation, these investigators also found a relationship between PM2.5 and decreased 
parasympathetic cardiac activity for a short interval preceding the measurement of HRV. 

Another recent publication by Pope et al. (2001) reinforces the observations that changes in 
HRV can occur quite rapidly after exposure to air pollution. Sixteen volunteers were monitored 
electrocardiographically over the course of a day when they spent alternating 2-hour periods 
outside and inside a smoking lounge at a major airport. Several measures of HRV were 
significantly decreased in relation to several measures of exposure during the 2-hr periods in 
the smoking lounges. In contrast to the Liao et al. (1999) and Gold et al. (2000) reports, the 
measures reflecting parasympathetic tone appeared to be less strongly affected than the 
other measures relative to measured particles. While cigarette smoke contributes little to 
ambient air pollution, the rapidity of the changes observed in HRV is consistent with the 
findings of the studies discussed above. 

Exposure to particulate air pollution has also been associated with another potentially adverse 
disturbance of the cardiac autonomic nervous system, as manifested by increased heart rate. 
Increased resting heart rate is considered an independent risk factor for cardiovascular 
mortality (Goldberg et al., 1996, Mensink and Hoffmeister, 1997). This phenomenon has not 
been extensively investigated in epidemiological studies. Pope et al. (1999b) found that, 
among 90 elderly but healthy individuals in Utah, PM10 levels were related to small, but 
significantly increased resting heart rates. For instance, a 100 pg/m3 increase in PM10 (same- 
day) was associated with about a 50% increased risk of having at least a lo-beats/min 
elevation in heart rate or pulse (OR =1.51, 95% Cl. = l-00-2.29), while PM10 lagged by one 
day was associated with a near-doubling of the risk of the pulse increasing by at least 10 
beats/min (OR =I .95, 95% C.I. = 1.35-2.82). 

In another analysis of the German participants in the MONICA study (discussed above), _ 
Peters et al. (1999~) assessed whether resting heart rates increased in relation to air pollution 
among a subset of 2,681 men and women who had valid electrocardiographic tracings during 
both the 1984-85 and 1987-88 parts of the study. During the 1985 episode, resting heart rates 
were increased, more so in women than inmen, relative to non-episode days of the study. In 
addition, mean heart rates were slightly, but significantly, elevated in relation to same-day and 
five-day averages of TSP, sulfur dioxide, and carbon monoxide. Even excluding the episode 
days from the analyses, both TSP and sulfur dioxide were still both related to small, but 
significant changes in mean heart rates (between 1 and 2 beats/min). Though the overall 
mean elevations in heart rate were small, they provide support for the notion that PM air 
pollution is associated with altered autonomic control of the heart. 

In contrast to these studies, Gold et al. (2000), in a study of elderly Boston residents, found 
that PM2.5 levels were associated with decreased resting heart rate. However, this finding 
appears to be physiologically inconsistent with the finding of decreased PM-associated short- 
term HRV in this panel, as described above. The investigators speculated that this 
inconsistency may be due to autonomic dysregulation, in which both HR and HRV might 
decrease in concert. In any case, there is limited evidence that ambient PM is associated with 
changes in heart rate in humans. 
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Control of blood pressure is another manifestation of the influence of the autonomic nervous 
system, particularly the sympathetic nervous system. Elevated blood. pressure (or 
hypertension) is the most common cardiovascular condition in the U.S.; affecting over 60 
million Americans (Oparil, 1992). Hypertension is a well recognized risk factor for 
cardiovascular disease, stroke, and renal disease. In an examination of a subset of 2,607 
participants in the German MONICA study (discussed above), 5-day average TSP (70 pg/m3) 
was associated with a 1.96 mm Hg increase in systolic blood pressure (SBP), adjusting for 
relevant confounders and effect modifiers, including temperature, barometric pressure, and 
individual cardiovascular risk factors (Ibald-Mulli et al., 2001). Although sulfur dioxide was 
also associated with increased SBP, inclusion of both pollutants in the same regression 
models indicated that the TSP effect dominated that of sulfur dioxide. Interestingly, the effects 
on SBP were magnified in individuals with other cardiovascular risk factors: for subjects with 
high levels of plasma viscosity, a 90 pg/m3 same-day increase in TSP was associated with a 
6.93 mm Hg increase in SBP (95% Cl = 4.31-9.75); while among those with higher resting 
heart rates (>90th percentile, or > 80 beats/min), the same increment in TSP was associated 
with a 7.76 mm Hg increase in SBP (95% CI = 570-9.82). These findings suggest ,that there 
may be persons with pre-existing cardiovascular disease who are especially susceptible to 
autonomic effects of exposure to ambient particles. How PM may affect SBP is unknown, but 
may be related to increased blood levels of endothelin-1, a protein involved with regulating 
vascular tone, which has been detected in the blood of experimental animals exposed by 
inhalation of very high levels (40 mg/m3) of resuspended urban particles, even though these 
failed to produce obvious structural pathology in the animals’ lungs (Bouthillier et al., 1998). 
Endothelin-1 is produced not only by lung capillary (endothelial) cells, but also by airway 
epithelial and neuroendocrine cells, as well as macrophages. A variety of potentially adverse 
cardiovascular effects ‘have been associated with elevated levels of enc@qthelin-I, includrng 8. -... , - ,. - 
increased blood coagulability, worsening of congestive heart failure, and increased risk of 
mortality after myocardial infarction (Bouthillier ,et al., 1998). 

Finally, the incidence of serious cardiac arrhythmias has been linked with exposure to PM25 
implanted cardioverter defibrillators (ICDs) can initiate pacemaker activity if required, or 
provide an electric shock to the heart in order to terminate potentially fatal arrhythmias 
(ventricular fibrillation or ventricular tachycardia). An ICD logs each such event electronically. 
Peters and colleagues (2000b) recorded the ICD data for 100 individuals for approximately 3 
years, and compared the ICD events with ,air pollution over this period. Overall, NO2 and CO 
appeared to provide the strongest associations with ICD discharges. In the most susceptible 
members of this population (i.e., those with 10 or more discharges [n = 6]), however, PM2.5 
and PM1 0 were both associated with an increased risk of an ICD discharge (OR = 1.64, 95% 
Cl = 1.03 - 2.62; and OR = 1.68, 95% Cl = 0.98 - 2.86, respectively, with a 2-day lag for 
each). Though the effects for both PM2.5 and NOz were essentially linear, including both 
pollutants in the same regression model reduced the PM effect to zero, while the NO* 
estimate remained unchanged. Although this study is limited by the small number of patients 
at high risk, and by the lack of individual clinical data other than the ICD discharges, it does 
suggest another potential effect of PM (as well as gaseous pollutants) on cardiac autonomic 
balance. A recent mortality time-series study conducted in the Netherlands (Hoek et al., 2001) 
provides some consistency with these findings, with risks of mortality from arrhythmia in 
relation to i-day means of black smoke (40 pg/m3, RR= 1.071, 95% CI=l.OOl-1.746) and 
PM1 0 (80 pg/m3, RR=1 -041, 95% Cl = 0.932-1.163). 

Recent publications involving PM exposures of “sick” or compromised experimental animals 
provide evidence supportive of these findings in humans. The compromised animal models 
examined in these studies include monocrotaline (MCT) treated rats, which serve as a model 
for pulmonary hypertension, rodents with chronic bronchitis induced by high-level sulfur 
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dioxide exposure, spontaneously hypertensive rats, and -aged rodent models. Effects 
observed under these exposure conditions include a variety of ,cardiac arrhythmias, 
bradycardia (slowing of the heart rate), increases in plasma fibrinogen (a protein integral to 
blood clotting discussed above), hypertension, increases in pulmonary inflammation and 
mortality (Costa and Dreher, 1997; Kodavanti et al., 1999, Watkinson et al., 1998, 2000; 
Campen et al., 2000; Gardner et al., 2000). 

A series of experiments in spontaneously hypertensive (SH) rats is illustrative of the utility of 
compromised animal models. The pathophysiology of hypertension in the SH rats is similar to 
that observed in essential hypertension in humans. Kodavanti et al. (2000a) examined 
nonnotensive and spontaneously hypertensive rats, exposed to filtered air or to high-dose (15 
mg/m3) residual oil fly ash (ROFA - a source containing high levels of the soluble metals iron, 
vanadium, and nickel) particles by nose-only inhalation for six hours/day for three days. They 
found that, compared to normotensive rats, the SH rats had evidence of pulmonary 
inflammation, alveolar hemorrhage, cardiomyopathy, and evidence of ST-segment depression 
by electrocardiography (ECG), an indicator of insufficient oxygen delivery to the heart muscle. 
After ROFA exposures, the SH rats showed significantly greater pulmonary injury and 
inflammation, including alveolar hemorrhage, a compromised ability to increase anti-oxidant 
defensive responses, and exaggerated depression of the ST segment on ECG (Kodavanti et 
al., 2000a). In addition, both strains of rats exhibited similar adverse reactions to ROFA 
exposure., including increased airway reactivity, focal lesions in alveoli and airways, as well as 
around airways and blood vessels of the lung, pulmonary inflammation and production of 
inflammatory cytokines. Thus, although the dose levels were extremely high compared to 
ambient particles, this experiment suggests that compromised animals are potentially more 
vulnerable to pollutant-associated oxidative stress and pulmonary vascular leakage than 
healthy animals. Generally similar results were obtained with an experiment using one-time 
intratracheal administration of high-dose ROFA or nickel, but not vanadium (Kodavanti et al., 
2001). 

Several toxicological studies report cardiac arrhythmias in compromised animals exposed to 
high-dose ROFA. Investigators exposed Sprague-Dawley rats (one group with pulmonary 
inflammation and hypertension from MCT pre-treatment and one control group) intratracheally 
to large doses of ROFA (0.25, 1 .O, and 2.5 mg) and observed a variety of cardiac arrhythmias 
in both groups (Watkinson et al., 1998; Campen et al., 2000). However, the compromised 
group had more severe arrhythmias; including -patterns indicative of inadequate cardiac . 
oxygenation (myocardial ischemia) and conduction abnormalities (2nd degree heart block), 
accompanied by substantial mortality rate in all exposure levels (about half of the 
compromised animals died). In a study of rats exposed intratracheally to several different 
kinds of particles (ROFA, volcanic ash, and resuspended ambient particles from Ottawa, 
Canada), ROFA induced significant pulmonary inflammation, bradycardia and arrhythmias in 
healthy rats, which were exaggerated in MCT-treated rats. MCI and SH rats exposed by 
inhalation showed similar, but less severe, effects- Older SH rats exposed to high dose 
ambient particles (2.5 mg intratracheally) also exhibited significant bradycardia and cardiac 
arrhythmias. The volcanic dust administration had no cardiac effects in any animal group 
(Watkinson et al., 2000). 

Rats exposed to concentrated ambient particles (whose composition can vary from day to 
day) were found to exhibit various degrees of pulmonary inflammation (Kodavanti et al., 
2000b). In these whole-body inhalation studies, involving exposure concentrations of 475 - 
907 pg/m3, the pulmonary responses, when they occurred, were generally modest, and the 
animals with chronic bronchitis fared slightly worse than the control animals. Thus, although 
these exposure conditions were found to cause injury and inflammation, the results were 
inconsistent, which may have been due in part to the relatively low metal content of these 
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particles (collected in Research Triangle Park, NC, a nonurban area). These results suggest 
that the very high-dose iritratracheal experiments using toxic ROFA particles, for instance, 
may have limited generalizability to environmental exposures. 

In a similar vein, Gardner et al. (2000) found increased blood fibrinogen levels in rats exposed 
only to the highest dose of ROFA particles by intratracheal instillation (8.3 mg/kg), but not at 
lower concentrations (1.7 and 0.3 mg/kg). Recognizing the limited statistical power of this 
investigation (six rats per exposure group), these results suggest that although animal models 
may help illuminate potential toxicological mechanisms, the necessity of using extremely high- 
dose exposures warrants a cautious interpretation. 

Thus, animal studies using high-dose exposures by intratracheal administration and inhalation 
provide ancillary support for observations of pulmonary inflammation and cardiopulmonary 
toxicity in epidemiological and controlled human exposures. Such investigations bolster the 
biological plausibility of the human studies, but are nevertheless limited by uncertainties 
related to cross-species extrapolation and high-level exposures used. 

7.8.5 Summary 

In summary, recent research provides mechanistic support for a causal relationship between 
ambient PM and the cardiopulmonary morbidity and mortality consistently observed in time- 
series studies. Such support derives from clinical, epidemiological, and toxicological studies 
of a variety of pathophysiological events that could result in adverse cardiovasculai 
outcomes. Localized airway inflammation and absorption of particles not only into the lung 
interstitium, but into the circulation, may result in systemic impacts, including effects on 
factors influencing blood coagulation, altered cardiac autonomic control, and recruitment of 
inflammatory cells from the bone marrow. Interestingly, most if not all of these events have 
been reported to o%%ur acutely (within’ a’ day or tess- of exposure), and at least-in the German 
MONlCA study, several were observed to occur in concert in a subgroup of potentially 
vulnerable individuals. While the evidence is still fragmentary, it represents a dramatic 
advance from a few years ago, and begins to sketch a framework of biological plausibility for 
the time-series studies. 

7.9 Causal Inference 
This section deals with the evidence that the associations between both acute and chronic 
exposures to ambient PM and human morbidity and mortality represent causal relationships. 
The following criteria for causal inference are considered: (1) the consistency of the findings; 
(2) the coherence of the study results; (3) the likelihood that findings are due to chance; (4) 
the possibility that findings are due to bias or coqfounding; (5) temporal sequence of the 
associations; (6) the specificity of the findings; (7) evidence for exposure-response 
relationships; (8) strength of the associations; and (9) the biological plausibility of a causal 
associations. These are based on informal guidelines for causal inference described by Sir 
Austin Bradford Hill, as modified by other epidemiologists (Hill, 1965; Rothman, 1982). 

7.9.1 Consistency of Results Among Different Studies 

The consistency of results among scores of epidemiological studies provides substantial 
evidentiary support for causality. Several hundred studies, conducted among different 
populations on five continents over multiple time periods, have reported small, but 
consistently elevated risks of daily mortality and diverse measures of morbidity (such as 
hospital admissions and emergency department visits for cardiac and respiratory causes, 
exacerbation of asthma, increased respiratory symptoms, restricted activity days, school 
absenteeism, and decreased lung function). Though the principal study design has been time- 
series analysis, modeling approaches have differed substantially among investigators; 
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moreover, similar estimates of effect have been obtained with other study designs, including 
case-crossover and panel studies. Tne ranges of risk estimated in all these studies have been 
remarkably similar, despite the different PM source mixtures and size distributions, co- 
pollutant distributions, weather patterns, population characteristics (distributions of age, 
baseline health status, and access to health care) (See section 7.3, for example). Daily 
mortality and morbidity have also been linked with different measures of PM, as well, 
including TSP, PMIO, PM2.5, the coarse fraction (PMIO-PMZ), black smoke, and ultrafine 
particles. It can be seen in Table 7.1 and sections 7.3 through 7.6 that, with few exceptions, 
there is a consistent tendency for point estimates of relative risk to be greater than unity. If 
these findings were due to chance, one would expect a more nearly equal distribution of point 
estimates of risk above and below unity. In general, consistency of results across scores of 
investigations offers one of the strongest arguments favoring a causal relationship (Ostro, 
1993 

7.9.2 Coherence of Results 

Referring in particular to the time-series studies of mortality, Bates (1992) has argued that, if 
the PM-mortality relationship is causal, there should also be evidence of relationships 
between PM and health outcomes of lesser severity, such as hospitalizations, changes in 
lung function, and so forth, suggesting an ensemble of coherence among possible outcomes. 
This phenomenon has been observed in a number of areas throughout the world; perhaps the 
best illustration of such coherence in a given area are the studies undertaken in the Utah 
Valley. In addition to increases in PM-associated mortality, studies in this area have 
demonstrated statistically significant relationships between ambient PM and respiratory 
hospitalizations, decrements in children’s lung function, school absenteeism, respiratory 
symptoms, medication use among asthmatics, increased heart rate and decreased heart rate 
variability among elderly individuals (Pope, 1996; Pope et al., 1999a, b). Finally, there are 
over twenty cities in which associations between PM10 and both mortality and hospital 
admissions have been reported. 

7.9.3 Likelihood That the Findings are Due to Chance 

Almost all the studies described in the previous sections showed increased risks of PM- 
associated morbidity and mortality, though these results are not all statistically significant. 
While the informativeness of testing for statistical significance has been the subject of lively 
debate in epidemiology for at least the past decade, this process does represent one of the a .. 
conventional approaches to assessing the likelihood that study results might be attributable to 
chance. The purpose of significance testing is to compare the results observed with what 
would be expected to occur by chance if the null hypothesis of no effect or no relationship 
(e.g., between ambient PM exposure and daily mortality) were true. This assessment is 
usually based on comparison with a pre-designated significance level (usually 5%), which 
indicates a traditional, convenient cut-off value for assessing the likelihood of the results that 
could be expected to occur by chance. Thus, finding that the results are statistically significant 
represents a judgment that the results are not likely to be due to chance. Moreover, it should 
be noted that many of the results cited above are highly statistically significant, indicating that 
they could be considered extremely unlikely to be due to chance. However, these are still 
probabilistic assessments, and it is still possible that the results could be due to random 
variation. 

Assuming the existence of a causal relationship, a variety of factors influence the calculations 
underlying an assessment of significance, including the size of the subject population, the 
numbers of events observed over the duration of the study interval, an appropriate 
specification of the model relating pollution to mortality or morbidity events, the extent of 
exposure measurement error, the degree of covariation among the pollutants and 
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meteorological variables (see confounding below), and other potential biases. Thus, the 
absence of statisticat significance in a given study may indicate the lack of a. real causal 
relationship, but may also reflect the influence of one or more of these factors. 

7.9.4 The Possibility That findings are Due to Bias or Confounding 

in evaluating these results, one needs to consider confounding, information bias and selection 
bias. In the time-series studies that are population-based, selection bias is not an important 
issue. Rather the principal concerns regarding the validity of the results would be confounding 
and information bias, specifically the potential impact of misclassification of exposure. 

Confounding occurs when the estimates of effect are distorted by an extraneous variable that 
is associated with both the exposure and outcome of interest, where that extraneous variable 
is not part of the causal pathway between the exposure and the outcome. In daily time-series 
analyses, any confounder would have to vary in concert with both the daily fluctuations in 
pollutant concentrations and with the health outcome. Thus, variables that one might 
intuitively consider as potential confounders, such as cigarette smoking patterns, are not 
relevar;t in this context. The principal potential confounders of concern in such studies are 
meteorological variables and gaseous co-pollutants such as ozone and sulfur dioxide, and 
possibly the presence of respiratory epidemics such as influenza. 

Of the meteorological variables, temperature is probably the most important, as it has been 
demonstrated to have independent effects on a variety of health outcbmes, including 
mortality. All of the time-series studies of PM and mortality cited in this report have controlled 
for temperature, or have at least examined whether temperature could be a confounder. 
Investigators have employed a variety of modeling approaches to assess the impact of 
temperature; some studies have undertaken sensitivity analyses to assess the likelihood that 
weatherirelated impacts were being inappropriately ascribed40 PM -(Sam& et al., 1998; Pope . 
and Kalkstein, 1996). The weight of the evidence indicates that the PM-associated health 
outcomes are not the result of confounding by temperature or other meteorological variables. 
In addition, similar estimates of PM-related effects have been obtained in cities with diverse 
climates and different seasonal relationships between PM and temperature. This issue is 
discussed in greater detail in section 7.3. 

Respiratory epidemics, such as influenza, regularly occur in specific seasons (e.g., influenza 
generally is a winter phenomenon in the United States). To the extent that there is adequate 
control of seasonal meteorological influences in any given study, this should address potential 
effects of confounding by infectious disease. In addition, if PM-associated mortality or 
morbidity is also observed in other seasons in a given locale, this would indicate that 
respiratory infectious disease epidemics could not explain the association. In some instances 
it would be methodologically inappropriate to control for influenza, for example, if this outcome 
itself represents either one of the health outcomes of interest or can be considered part of the 
causal pathway for one of the health outcomes, such as exacerbation of asthma. Several 
studies have explicitly modeled infectious respiratory illness outbreaks in examining PM- 
associated health effects; these also indicated that the relationships could not be explained by 
seasonally concurrent epidemics (Braga et al., 2000). 

Finally, there is the issue of confounding by gaseous co-pollutants, including specifically 
ozone, nitrogen dioxide, sulfur dioxide, and carbon monoxide. All of these pollutants have 
also been associated in time-series studies with daily mortality and a variety of other adverse 
health outcomes. Therefore, in the presence of strong correlations between any one or more 
gaseous pollutants with a PM metric within a given study, it may be difficult to disentangle 
their relative impacts. In some instances, particularly in studies outside of North America, 
measurements of co-pollutants were limited, and therefore the potential impacts of these 
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gaseous pollutants could not be controlled for in the analysis. The two principal methods to 
address potential confounding by gaseous pollutants are: (I) to examine PM effects in 
multiple locations in which there are different correlations between PM and the varioussases; 
and (2) to include multiple (measured) pollutants in the regression model. Using the first 
method, if the PM coefficients are consistent from place to place in the presence or absence 
of a putative co-pollutant confounder, this suggests that the associations between PM and 
mortality or morbidity indices are independent of, and not confounded by, the other pollutants. 
In view of the plethora of epidemiological studies in diverse locations, some with high ozone 
or sulfur dioxide levels, and some with low concentrations of these pollutants, the evidence is 
compelling that PM effects cannot be explained away due to confounding by co-pollutants. 

In a recent, large-scale application of the second method involving 90 U.S. cities, Samet et al. 
(2000a) sequentially tested the estimated effects of PM10 on daily mortality after each of the 
principal gaseous pollutants (ozone, nitrogen dioxide, sulfur dioxide, and carbon monoxide) 
was added to the regression model. These authors reported trivial or no change in the 
estimated PM10 coefficients when the other pollutants were included in the model. Similar 
results have been obtained in most of the studies that have examined PM10 and mortality, 
with few exceptions (e.g., Moolgavkar, 2000a). Other recent examinations of the problem of 
confounding by co-pollutants have also found little evidence that confounding can explain the 
associations between PM concentrations and adverse health, outcomes (Schwartz, 2000a; 
Katsouyanni et al., 2001). 

One other potential threat to validity of the results of epidemiological studies is information 
bias, particularly in the form of exposure measurement error. In this instance we are 
concerned with errors in measurement of PM exposures. Such measurement error is an 
inherent feature of epidemiological studies: given that pollutant concentrations vary over 
space and time, as do individuals’ activity patterns, it is not possible to measure personal 
exposures to the important components of PM for large numbers of individuals. This is a 
multi-dimensional problem that could consist of the following components: (1) use of a PM 
metric that includes some, “nuisance” particles that do not really contribute to health effects 
rather than the “true” con.ponents that are biologically active; (2) errors in measurement 
between the values recorded by ambient monitors and the true ambient levels, due to either 
instrument error or temporal-spatial variation, or both; (3) differences between aggregate 
ambient measurements and individual personal exposures; (4) differences between average 
personal exposures and true ambient pollutant levels; and (5) differences in the accuracy of 
measurement of co-pollutants, so that in multivariate regression models, those pollutants 
measured with greater accuracy and precision may spuriously appear to have a greater effect 
than they would if all were measured with equivalent accuracy and precision. 

Typically the effects of measurement error tend to bias the results towards the null hypothesis 
of no effect - that is, the effects of PM on morbidity and mortality tend to be underestimated. 
There may be exceptions to this generalization, however. Recently the issues of 
measurement error in air pollution time-series studies were systematically reviewed, 
characterizing the errors in measurement as either classical or Berksonian in nature (Zeger et 
al., 2000). Berkson-type errors, an example of which is using aggregate rather than individual 
exposure data, do not produce biased regression coefficients. Zeger and colleagues (2000) 
suggest that in the usual case, time-series studies will tend to underestimate, rather than 
overestimate, pollutant effects. In the case of multi-pollutant models, differences in the 
monitoring accuracy and precision of pollutants may result in confounding, with the effects of 
a more poorly measured pollutant being transferred to one measured more accurately, but 
only when the pollutants or their errors in measurement (particularly the latter) are strongly 
correlated. When pollutant levels are strongly correlated, they generally should not be 
included in the same regression model, as this produces unstable and biased estimates of 
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effect. Zeger et ai. (2000) suggest that the iargest potential source of bias in measurement 
error is likely to be due to differences between ambient measurements and average personal 
exposures, which could occur if indoor sources produce particles of similar size and .toxicity 
as outdoor local and regional sources. Taking the “best” data set available that would allow an 
examination of the magnitude of this kind of error (from the P-TEAM study in Riverside, CA), 
they found again that standard regression analysis will tend to underestimate the strength of 
the association between fixed-site monitoring data and adverse health outcomes (mortality, in 
this case). 

Based on the above, it is possible that, in limited circumstances, particularly when multiple 
pollutants are measured with error, that some of the PM effect may be due in part to 
differential measurement error. However, it is reasonable to infer that in most situations, the 
results of the numerous time-series studies of PM-associated morbidity and mortality cannot 
be exptained by information bias. 

7.9.5 Temporality of the Associations 

That a putative cause precede its effect(s) is a sine qua nori for causal inference (Rothman, 
1982). It is in this sense t’nat this guideline for causal inference is typicaily used in 
epidemiology, and is clearly met in the ensemble of PM studies. In the time-series studies of 
morbidity and mortality, one typically finds significant associations between PM 
concentrations and adverse health outcomes with lags of zero to four days, with moving 
average concentrations occasionally demonstrating a slightly stronger association. Several 
studies examining “reverse lags” (i.e., with the health effects preceding the pollution 
measurements) have found no relationship. 

However, a number of investigations have found statistically significant associations between 
PM concentrations and adverse hearth outcomes on the same day. For certain health 
outcomes, such as exacerbation of asthma, this could be explained mechanistically without 
much difficulty. For cardiovascular outcomes, including mortality, such short lags between 
exposure and outcome might appear problematic. Nonetheless, recent evidence suggests 
relatively rapid systemic responses to PM pollution that are consistent with the observations 
in the time-series studies (Gold et al., 2000; Pope et al., 2001 - see section 7.8 above). 

7.9.6 Specificity of Effect 

In the original formulation of the guidelines for causal inference, Hill (1965) expressed the 
notion that the basis for causal inference would be strengthened if an exposure led 
specifically to a single effect. The absence of such specificity does not necessarily negate the 
existence of a causal relationship - witness the protean manifestations of disease 
engendered by exposure to cigarette smoke. Nevertheless, it is intuitive that the more specific 
an association between an exposure and an adverse health outcome, the more likely it is to 
represent a causal relationship. Although PM exposures have been linked to a variety of 
adverse effects, the latter are circumscribed to effects on the respiratory and cardiovascular 
systems. Given our current understanding of the pathophysiology of inflammation, with both 
local (respiratory) and systemic effects, these are the organ systems that one would expect to 
be most strongly affected by exposure to particles. While many of the mortality time-series 
studies have examined impacts on total mortality only, a few have done comparative analyses 
of relationships with cardiac- and respiratory mortality and with mortality from ail other causes 
(section 7.3). The results of these studies suggest that the relationship between PM exposure 
and mortality is relatively specific to those organ systems expected to be affected by such 
exposures. A similar pattern can be observed with time-series studies of hospitalizations 
(section 7.5). 
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7.9.7 Evidence for Exposure-response Relationships 

As noted above, the data ‘from most of ‘the time-series studies discussed in this document 
clearly demonstrate statistically significant exposure-response relationships. The range of the 
PM-mortality coefficients is surprisingly narrow over a wide range of PM concentrations over 
time and across locations, indicating that, at least within the observable range in most 
metropolitan areas examined, this relationship is more or less linear (section 7.3). Generally, 
for morbidity outcomes that are more common than daily deaths, the magnitude of the 
associations are slightly greater, as one would expect if the relationships were causal. 

7.9.8 Strength of Association 

The relative risk (RR) estimates obtained in the epidemiological studies of morbidity and 
mortality are generally low, with virtually all estimates of effect less than two. RR estimates of 
this magnitude may weaken the evidence of causality, due to the possibility of uncontrolled 
confounding or other sources of bias producing the findings- However, small estimates of 
relative risk do not, in themselves, nullify the existence of a causal relationship. As indicated 
above, the potential threats to the validity of any given study (i.e., bias and confounding) are 
not likely explanations of the consistent findings of increased PM-associated risks of morbidity 
and mortality. 

In addition, when either the outcome measures or the exposure metric are given greater 
precision, the estimate of effect increases, which, everything else held equal, increases the 
plausibility of the association. For instance, as indicated in section 7.3 and Tables 7.1 and 
7.2, the risks of mortality associated with PM1 0 range from 0.5% to 1.6% per IO pg/m3 of 
PM1 0, while the likely range for PM25 is 1% to 2.5% per 10 pg/m3. For cardiac and 
respiratory tiuses of death, the corresponding ranges per 10 pg/m3 increase in PM10 
concentration are 0.8% to 1.8% and 1.3% to 3.7%, respectively (Ostro et al., 1999a). This 
was highlighted in a recent publication from the Netherlands, in which specific causes of 
cardiorespiratoj mortality were found to be more strongly related to PMlO, than was total 
mortality (Hoek et al., 2001). 

Thus, although the estimates of effect are low, they are consistently highly statistically 
significant, and increase in magnitude and precision with better specification of either the 
outcome or the exposure metric. 

7.9.9 Biological Plausibility of the Associations 

Biological plausibility is not necessary for causal inference from epidemiological studies, since 
it depends on the state of knowledge of ancillary disciplines- When present, however, 
supporting evidence from other scientific fields such as toxicology can strengthen the case for 
a causal association between an exposure and a disease outcome. A decade ago biological 
plausibility for a causal linkage of ambient PM with mortality or with multiple indicators of 
morbidity would have been purely speculative. Major recent advances in toxicology, clinical 
exposure studies, and epidemiological studies with intermediate endpoints suggest that 
effects observed in the epidemiological studies are likely to be initiated with inflammatory 
responses in the lung, which can have both local and systemic effects. Focal hyperdeposition 
of particles at airway carinas and in the respiratory bronchioles, may lead to localized particle 
concentrations substantially greater than what might be anticipated based only on an 
assessment of ambient concentrations. Particle mass or constituents may generate oxidative 
stress and inflammation. Inflammatory reactions in the airways may exacerbate pre-existing 
pulmonary disease, such as asthma or COPD, and may also result in systemic impacts. 
Potential mechanisms of toxicity are discussed in detail in section 7.8, especially those that 
might bear on cardiovascular events, including effects on blood coagulability and viscosity,-as 
well as disturbances of cardiovascular autonomic control. While the picture is far from 
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complete, plausibie biologicai mechanisms have been proposed and are the subject matter of 
active research. 

7.9.10 Summary 

The scientific evidence linking PM exposure to premature mortaiity and a range of morbidity 
outcomes appears to meet the generally accepted guidelines for causal inference in 
epidemiology (Hill, 1965). Much current research is now focusing on biological mechanisms in 
order to provide a more complete understanding of the effects of PM. 

7.10 Rebommendations for Standards 

This chapter presents the staff recommendations for the Board to consider in promulgating 
the PM Ambient Air Quality Standards (AAQSs) for California. The section begins with 
findings on the overall adequacy of the current standards for PM with respect to protecting the 
health of the public, including infants and children- It continues with recommendations for the 
pollution indicators, averaging times, forms, and concentrations adequate to protect public 
hea!th. 

The recommended concentrations for the PM standards should be based on scientific 
information about the health risks associated with PM, recognizing the uncertainties in these 
data. With this in mind, the numerous studies of PM-associated morbidity and mortality 
indicate that, within the concentration ranges reported, there is no identifiable “bright line” or 
threshold PM concentration for either short- or long-term exposures, below which health 
effects would not occur However, the Children’s Environmental Health Protection Act [Senate 
Bill 25, Escutia; Stats. 1999, Ch. 731, sec. 3; Health & Safety Code section 39606(d)(2)] does 
not require setting a given AAQS at a level that ensures zero risk. Given the current state of 
the science, which is limited by the uncertainties. of existing data sets ,and methods available 
to analyze the impacts of low-level exposures, it is not possible to set such standards for 
particulate matter.. Rather, the statute requires a standard that “adequate/v protects the health 
of the public, including infants and children, with an adesuate marqin of safety.” (Emphasis 
added) 

The governing statutory language indicates that California’s ambient air quality standards 
should also protect other vulnerable populations, in addition to infants and children, and the 
general public [(H&SC sections 39606(d)(2) and 39606(d)(3)]. This legislative directive is 
consistent with historical practice in California, where ambient air quality standards have been 
formulated to protect identifiable susceptible subgroups, as well as the general population. 
For instance, the one-hour sulfur dioxide standard was developed in order to protect the most 
sensitive recognized subgroup, exercising asthmatics. Nonetheless, even with standards 
tailored to shield vulnerable populations, there may be exquisitely sensitive individuals 
remaining outside the ambit of protection. 

Both the Health 8. Safety Code (section 39606) and the federal Clean Air Act (section 109) 
refer to an adequate margin of safety, but no specific legislative definition of this term is 
provided. The concept of a margin of safety derives from the field of structural engineering, in 
which such margins of safety (or safety factors) are applied to design and construction 
specifications in order to prevent structural failures, which might otherwise result from 
variability in design, materials, or workmanship. The science of predicting health outcomes 
resulting from PM exposures is considerably less developed than the design considerations of 
structural engineering, making the notion of a margin of safety even more appropriate in 
setting ambient PM standards. An “adequate margin of safety” in standard-setting is 
generally understood to account and compensate for scientific uncertainty, as well as the lack 
of precise predictions regarding the health impacts of air pollutants on a multiplicity of 
potentially susceptible subpopulations. Some of the relevant uncertainties in this instance 
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would include, among others, potential health hazards .that have not been identified, factors 
determining variability in. response to PM .among susceptible subpopulations, micro- 
environmental variability in PM exposure related to indoor penetration of PM, activity patterns, 
and geographic proximity to point and area sources. The incorporation of a safety margin has 
been recognized by the California Supreme Court as integral to the process of promulgating 
ambient air quality standards [See Western Oil and Gas Association v. Air Resources Board, 
37 CaL3d, 502 (19&I)]. 

As described in the preceding chapters, using the current epidemiological data and analytic 
techniques, researchers have been unable to detect a level of PM exposure below which no 
adverse health effects would ever be expected to occur, which creates substantial 
uncertainties in the prediction of health impacts of low-level PM exposure. To the extent that 
health effects associated with ambient PM have occurred at relatively low levels of exposure, 
and that there is substantial inter-individual variability in response to environmental insults, it 
is difficult to promulgate any PM standard that will provide universal protection for every 
individual against all possible PM-related effects- 

Nevertheless, taking into account the current knowledge regarding the health impacts of PM, 
the limitations of the scientific data and the methods available to analyze this data, as well as 
variability in real-world exposures and human responses to PM, we have operationalized the 
concept of an adequate margin of safety by recommending multiple standards that, in 
combination, should protect nearly all of the California population, including infants and 
children, against PM-associated effects throughout the year. We have reviewed the available 
scientific literature and proposed standards that, when attained, will avoid exposures that 
have been reported to produce health effects in published studies. 

7.iO.l Adequacy of Current California AAQS for PM in Protecting Public Health 

The extensive epidemiologic data on the health effects of PM, supported by clinical and 
toxicological evidence, suggests that, in combination, the current annual average standard for 
PM10 of 30 pg/m3 and the 24-hour average of 50 pg/m3 do not offer sufficient protection of 
public health, including that of infants and children (ARB, 2000). Chronic exposures to 
ambient PM appear to be especially deleterious, and may influence responses to shorter-term 
(usually daily) exposures. Nonetheless, as reviewed in the above sections, there are strong 
and consistent associations between daily exposure to PM (measured as PMIO, PMIO- 
PM2.5, or PM2.5) and a range of adverse outcomes, including premature mortality, hospital -’ 
admissions, emergency room and urgent care visits, asthma exacerbation, chronic and acute 
bronchitis, restrictions in activity, school absenteeism, respiratory symptoms, and reductions 
in lung function. These studies have been conducted in a wide range of cities on five 
continents, with differing PM sources, climates, seasonal patterns, co-pollutants, and 
population characteristics. The more severe outcomes are experienced primarily by the 
elderly and by people with pre-existing chronic heart or lung disease. However, several 
epidemiological studies suggest that children under age five may also experience serious 
adverse outcomes from exposure to PMlO, including premature mortality and hospitalization 
for respiratory conditions (See section 7.7.3.2). 

As indicated in section 7.3, many of the epidemiologic studies demonstrate associations 
between PM10 and the risk of premature mortality. The extent of early mortality or life 
shortening may be from days to years. Because the exposure-response relationship between 
ambient PM and daily mortality appears to be linear with no identifiable threshold, it is 
possible that associations between PM10 and adverse health effects may occur throughout 
the range of concentrations reported in each study. However, these occurrences are 
intuitively more likely when particle levels are elevated, especially in the upper portion of the 
PM distribution. Although we cannot know at what concentration health impacts of PM 
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exposures begin, for purposes of these recommendations, the staff has identified the mean 
PM10 concentration in any given study as .representing a ‘likely minimum effects level. This 
approach is consistent with that taken in the recommendation for the California 24-hour 
standard for sulfur dioxide. At higher mean concentrations however, the probability increases 
that adverse health outcomes will occur beiow the mean, in contrast, as concentrations 
decrease, the associated risks incorporate a larger range of uncertainty (see section 7.3). In 
view of the current state of the science; it is not possible to identify specific levels at which no 
PM-related adverse effects will occur; however, the strength of the association of interest in 
any given study is likely to be greatest at the mean PM concentration. 

Analyses of ‘mortal,ity (summarized in sections 7.3 and 7.4, Tables 7.1 and 7.7, as well as 
Figure 7.1) and morbidity (summarized in sections 7.5 and 7.6) demonstrate that numerous 
epidemiological investigations have found associations of adverse health effects with PM10 
when the long term (i.e., months to yea.rs) study mean concentrations are at or below the 
annual average standard of 30 pg/m3. Both of the studies reporting associations between 
long-term exposure and mortality have mean concentrations of PM10 or its equivalent at or 
below the current annual average standard in California (Pope et al., 1995; Dockery et al., 
1993). In the report by Dockery et al. (1993), the long-term average for PMAO ranged from 18 
to 46.5 pg/m3 in the six cities studied, with an overall mean of 30 pg/m3. A stronger 
association was found for PM2.5, which ranged from 11 to 29.6 pg/m3, in which the overall 
mean concentration was 18 pg/m3. Likewise, Pope et al. (1995) reported associations of 
mortality with PM25 in the analysis of the American Cancer Society cohort, with an overall 
study mean of 20 pg/m3. If the ratio of PM25 to PM10 is approximately 0.65, as it was in 
many urban areas included in the American Cancer Society study, this would convert to a 
PM10 average of about 28 pg/m3, Therefore, it appears that the current annual ambient 
standard does not incorporate an adequate margin of safety against the occurrence of 
mortality associated with long-term exposures. 

Numerous epidemiological studies have demonstrated small, but consistent, relationships 
between health outcomes and daily variations in PM concentrations. It should be noted, 
however, that the impacts associated with the underlying chronic exposure cannot be fully 
separated from the health effects attributed to daily peak PM10 or PM2.5 exposures. The 
notion that chronic exposures exert a major influence on health outcomes is reinforced when 
one examines the mortality risks associated with daily versus chronic exposure. Most of the 
time-series studies demonstrate a 0.5 to 1% increase in total mortality per 10 pg/m3 change in 
PM10 (section 7.3). In contrast, based on the American Cancer Society cohort study, the 
estimated mortality effect of chronic PM10 exposure is in the range of four to seven percent 
per 10 pg/m3 change in the long-term average of PM10 (Pope et al., 1995; section 7.4). These 
results suggest that longer-term exposures (i.e., several days to several years) account for a 
substantial fraction of PMIO-related mortality. 

VVhile relationships between health outcomes and daily exposure measurements have been 
identified through time-series analysis, it is not possible to completely disentangle the 
influence of low-level chronic exposures. Nonetheless, recognizing the limitations of the 
existing epidemiological data, the literature suggests that, when long-term mean PM10 or 
PM25 concentrations are within the ranges reported in the published literature, it is possible 
to document a variety of adverse health outcomes in relation to day-to-day PM fluctuations. 

Long-term mean PM?0 levels near and below that of the current ambient California 24”hour 
sfandard have been consistently linked with respiratory symptoms and exacerbations of 
asthma in children. Although there are a few studies linking infant mortality to ambient PM, it 
is not clear, based on existing data, whether infants and children are more or less susceptible 
to PM-associated premature mortality than older adults with chronic heart and lung disease. 
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For example, it is possible that children who die of sudden infant death syndrome may have 
physiological abnormalities that render. them unusually susceptible tp the- effects of PM; 
however, the database of published studies ‘is too sparse for causal inference. As’indicated in 
section 7.7.3.2, most studies of infant mortality consist of either: (I) cross-sectional study 
designs, in which statistical control for all potential confounders is difficult and causal 
inference problematic, or (ii) time-series studies conducted in cities outside of the United 
States in which the PM levels are much greater than in California. In the latter group of 
studies, factors related to infant nutrition, health care and exposures may not be generalizable 
to the United States. Given the current state of knowledge, it is uncertain whether infants and 
children represent an additional susceptible subpopulation with respect to air pollution- 
associated mortality at current ambient concentrations of PM. However, childhood respiratory 
morbidity does appear to be consistently linked with different measures of PM, within the 
same concentration ranges as those associated with mortality in adults with chronic heart and 
lung disease (See sections 7.3 and 7.5). 

The voluminous published data suggest that, taken together, the current PM10 AAQSs are 
probably not adequately protective of public health, particularly for the elderly and individuals 
with pre-existing heart or lung disease. In addition, the available evidence suggests the need 
for new standards for PM25 From the perspective of public health protection, the principal 
shortcoming appears to be related to chronic PM exposures, though short-term effects on 
morbidity and mortality are also clearly important. The .quantitative benefits assessment 
(section 9) suggests that significant mortality and morbidity benefits will result from reducing 
population exposures to PM. 

7.102 Recommended Pollution Indicators 

The scientific evidence suggests a need for standards to encompass fine particles as well as 
PMlO. We therefore recommend that the PM10 indicator be retained and that both long- and 
short-term standards for PM2.5 be promulgated as well. These recommendations are 
predicated on the following rationale: 

PM10 and PM25 are both associated with a wide range of serious diverse health 
outcomes, including premature mortality, hospitalizations, and asthma exacerbation, 
among others. 

Dosimetry studies indicate that- both fine and coarse particles deposit throughout the 
respiratory tract (see section 7.1). Fine particles are more likely to deposit in the alveolar 
region (or gas exchange zone) and may initiate inflammatory responses, with both local 
and systemic effects. Coarse particles (PM10 - PM2.5) can also deposit in significant 
quantities in the conducting airways and, to a lesser extent, in the gas exchange region of 
the lung. Moreover, multiple studies in which the health impacts of PM2.5 and coarse 
mode have been examined have reported adverse effects associated with both metrics. 

Particles larger than 10 pm in median aerodynamic diameter have limited deposition in 
either the alveolar or tracheobronchial region, but rather deposit preferentially in the nose 
and oropharynx. The health impacts related to particle deposition in the ET region have 
not been extensively explored: Therefore, staff does not recommend an ambient air 
quality standard for particles larger than 10 pm. 

Ultrafine particles (particles with aerodynamic diameters between 0.001 and 0.1 pm), 
which can deposit in significant quantities throughout the respiratory tract, have been 
linked with serious health impacts, including premature mortality and asthma 
exacerbation. There is a small but growing toxicological database suggesting that ultrafine 
particles may be more toxic, on a mass basis, than fine particles of similar composition. 
However, there are few epidemiologic studies of ultrafine particles and findings are mixed. 
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Therefore, there are insufficient data available to judge whether or not- an ambient air 
quality standard for ultrafine particles,is needed. Staff dbee not recommend an ambient air 
quality standard for ultrafine particles at this time. 

While recent toxicologica! research suggests potentially important roles for transition 
metals (e.g., iron, nickel, or vanadium) and PM-associated organic compounds in PM 
toxicity, there is insufficient evidence to develop ambient air quality standards for metals 
or any other specific chemical constituents of PM10 or PM25 with the exception of 
sulfates (see below). Therefore, staff does not recommend promulgating any other 
ambient air quality standard for any specific constituent of either PM1 0 or PM2.5. Ambient 
concentrations of most of the identified fine particulate constituents of potential concern, 
including sulfates, particulate acids, metals, and organic compounds, will be reduced by 
control strategies targeting PM10 and PM2.5 mass. 

Serious health effects have been associated with exposure to ambient sulfates, 
particularly in areas rich in strongly acidic sulfatessuch as the eastern United States and 
Canada (See sections 7.3, 7.4, 7.5 and 7.6). The results of such stud,ies, however, have 
not been as consistent as for PMlO, PM2.5 or the coarse fraction. Some studies (Gwynn 
et al., 2000) suggest that particle-associated hydrogen ion (H’) and strong acidic sulfates 
are associated more with respiratory effects than other particle metrics, including PMIO. 
However, in other studies, sulfates are highly correlated with the fine mode in which they 
predominantly occur, such that independent effects of these correlated co-pollutants 
cannot be reliably estimated. In a third set of studies, no association was reported for 
sulfates or strong particle acidity, while associations were found for PM10 (for example, 
Lippmann et al., 2000, Schwartz et al., 1994). In contrast to the results of some of the 
epidemi@bgic@ studies, controlled exposure studies involving high levels (up to 1,000 
pg/m3) of strongly acidic sulfates have demonstrated little, if any, effect on volunteer 
subjects, including those with asthma (e.g., Aris et al., 1991). Though daily sulfate 
excursions in epidemiological studies have been linked with a variety of adverse health 
events, the nature of the study data does not allow for segregation of outcomes related to 
chronic low-level exposure from those associated with acute (daily) elevations in sulfate 
concentrations. Thus, though the mean concentrations of some multi-year studies are 
lower than the current 24-hour sulfate standard in California (Burnett et al., 1994; Gwynn 
et al., 2000), these do not directly address the adequacy of the current 24-hour sulfate 
standard because it is difficult to separate the impact of a single 24-hour exposure. In this 
light, staff believes that the current scientific database is insufficient to use for revision of 
the existing sulfate standard. 

In California, acidic sulfates (principally sulfuric acid and ammonium sulfate) constitute a 
small fraction of the PM mass relative to the areas in which sulfates have been found to 
be associated with adverse health impacts. For instance, in Long Beach, where the fixed- 
site monitor consistently shows the highest sulfate levels in the South Coast Air Basin, 
sulfates constitute about 13% of PM10 mass and 22% of PM25 mass on an annual basis, 
and about 16% of the maximum 24-hr PM1 0 mass (15 pg/m3 sulfates/93 g/m3 PM1 0) and 
21% of the maximum PM2.5 mass (13 pg/m3 sulfates/61 pg/m3 PM2.5), respectively. In 
the San Francisco Bay Area and in Bakersfield, the percentages are much lower (ARB, 
1994). In the ongoing Children’s Health Study in Southern California, data on sulfates 
have been collected, but not yet analyzed as predictors of children’s respiratory morbidity 
or lung function growth and development. According to ARB staff, these data should be 
analyzed over the next couple years. 

In general, sulfates detected in California are less strongly acidic than those commonly 
found in the eastern United States and Canada. Though a time-series study linked sulfate 
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concentrations in 1978-79 in Azusa, California with respiratory symptom reporting in 
adults, ambient levels during that study period exceeded the standard (Ostro et al., 1993). 
Sulfate concentrations in California have been lower, typically far lower, during the past 
few years than the level of the existing standard. Although a mortality time-series study 
undertaken in Santa Clara County (1989-1996) involving very low 24-hour average sulfate 
values (mean = 1.8, range O-7.9 g/m3) suggests an association with daily respiratory 
mortality, staff believes this finding can be attributed principally to the strong covariation of 
sulfates with PM2.5 (Fairley, 1999). Based on an assessment of current scientific 
evidence and ambient air quality data, staff believes that exposures to sulfates in 
California do not appear to pose health risks distinct from or greater than those associated 
with exposures to particulate matter generally. In view of the mixed evidence in the 
sulfates health effects literature, the paucity of recent data examining sulfates and health 
in California, the low likelihood of health risks in relation to ongoing trends in sulfate 
emissions and ambient levels, staff recommends the current standard be retained until the 
next review of the PM standard. 

In the review of the adequacy of the California AAQS to protect public health mandated by 
the Children’s Environmental Health Protection Act (ARB, 2000), much of the evidence 
regarding the health impacts of sulfates was based on considerations of the PM 
epidemiology. Revisions of California’s PM standards as recommended (below) will likely 
further reduce sulfate concentrations. In addition, based on discussions with ARB staff, 
the differences in sulfate composition and levels between California and the eastern 
United States are sufficient for OEHHA staff to recommend further studies in California 
prior to a full review of the sulfate standard. In particular, OEHHA staff recommends 
analysis of the sulfate data in relation to health indicators in the Children’s Health Study, 
as well as time-series analyses of health outcomes and daily sulfate data being collected 
at the two California particulate matter Supersites in Los Angeles and Fresno. OEHHA 
recommends that ARB ensure that these analyses be conducted in such a manner as to 
provide optimally useful data for a full review of the sulfate standard. 

l PM2.5 can infiltrate directly into residences, with greater penetration than the coarse 
fraction, and therefore individuals are likely to have more consistent indoor exposure to 
ambient PM25 than to the coarse fraction. Nevertheless, the coarse fraction also 
demonstrates substantial indoor infiltration, particularly in older buildings, or those in 
which windows or doors are kept open. Evidence from studies in-California, indicate that 
75% of indoor PM25 and 65% of indoor PM10 may originate outdoors (Ozkaynak et al., 
1996b; see Chapter 6). Therefore, outdoor, ambient concentrations of PM25 and PM10 
will play a significant role in total, personal exposure. 

l Fine and coarse particles, in general, originate from different sources and have different 
lung penetration and deposition characteristics, but are both linked to adverse health 
effects. In most California cities, mobile sources are a significant source of PMIO. In these 
cities, there are strong daily correlations between PM2.5 and PM10 throughout much of 
the year, such that a substantial fraction of PMIO-associated health impacts can be 
reasonably ascribed to PM2.5. In some air basins, such as the San Joaquin Valley during 
the winter, PM1 0 concentrations are clearly dominated by the fine fraction. 

l In contrast, PM2.5/PMlO ratios are lower in many parts of California than those observed 
nationally (Chapter 6). In some parts of the state, particularly in the inland air basins in 
Southern California, high PM10 concentrations are driven by the coarse mode. However, 
at this time, the current research database regarding coarse particles’ health impacts is 
not as well developed as that for PM10 (or PM2.5). Therefore, staff recommends that 
PM1 0 standards be used as a basis for protection from exposure to coarse particles. - 
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Taking into account all of the above factors, therefore, staff recommends the Air Resources 
Board promulgate new annual standards for PM10 and PM2.5, and a new 24-hour average 
standard for PM2.5, while retaining the existing 24-hour standards for PM10 and sulfates. 

7.103 Averaging Times and Forms 

The current PM10 AAQSs for California include both an annual standard based on the 
geometric mean concentration, and a 24-hour averaging time, not to be exceeded during the 
calendar year. These joint standards were developed to protect the public from both long-term 
and short-term exposures. Studies published since the California PM10 AAQSs were 
developed in the early 1980s support earlier findings and report associations between 
adverse health outcomes and both long-term (i.e., a year or longer) and short-term (Le., from 
less than one day to several months) exposure to both PM10 and fine particles. Therefore, 
staff proposes standards using annual averages for PM1 0 and PM2.5, and 24-hr averages for 
PMIO, PM2.5, and sulfates. The foundations for the annual averages are relatively 
straightforward, as explained in the subsections below. Identifying shorter-term average 
standards based on the existing epidemiological database is somewhat more difficult 
conceptually, due principally to the linear, nonthreshold nature of the relationship of ambient 
PM and adverse health effects, and somewhat less to the intermingling of effects related to 
chronic and acute exposure. While there is evidence of health effects associated with other 
averaging times (e.g., 4-hour and multi-year averages), staff believes that proposed 
averaging times will provide a satisfactory basis for setting PM standards and directing 
subsequent pollution control efforts. 

Attainment of the annual standards described below will shift the current distributions of 
PMIO, the coarse fraction, and PM25 to levels substantially lower than currently exist. 
Therefore, peak 24-hQUr averages of these particle measures.will also decline. This implies 
that the current 24-hour average standard for PM10 should be exceeded in most air basins 
less frequently than today. However, data developed by AR5 staff indicate that even if the 
proposed annual PM10 and PM2.5 standards are attained, some parts of California will 
sporadically experience significant elevations of one or both particle metrics into ranges 
associated with both morbidity and mortality. Therefore, short-term standards will function 
primarily to address intermittent short-term, seasonal exceedances (e.g., from residential 
wood combustion during the winter holiday season or prolonged summer temperature 
inversions) that might occur in air basins otherwise in attainment with the annual averages. 

For the annual averages, OEHHA staff recommends using the arithmetic rather than the 
geometric mean because the former is: (I) more directly related to cumulative exposure; (2) 
more sensitive to repeated peak concentrations; and (3) more consistent with other annual 
standards- For the 24-hour standards, OEHHA staff recommends a “not to be exceeded” 
standard. The rationale for the latter is related to providing a margin of safety in the 
recommendations and is detailed below. 

7.10.4 Recommended Concentrations 

Although individual epidemiological studies are subject to some uncertainty, particularly with 
respect to exposure assessment, the overall body of evidence (including toxicologic, 
dosimetric and human clinical studies, in addition to the epidemiological investigations) 
particularly the consistency and coherence of results, provides compelling evidence of causal 
relationships between exposure to ambient PM and a variety of adverse health outcomes 
(See section 7.9). These studies provide a sound, scientific basis for the establishment of 
standards for both PM2.5 and PM19 

Multiple indicators of morbidity have been associated with exposures to several ambient PM, 
including hospital admissions, emergency room visits, exacerbation of asthma, work loss, 
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school absenteeism, bronchitis and respiratory symptoms, and changes in lung function. 
However, the choices of levels for the annu,al average standards described below are based 
primarily on studies of PM-associated mortality. The rationale for this choice is as folloWs: In 
the opinion of OEHHA staff, mortality is the most serious of all the health events associated 
with exposure to PM. PM-associated mortality has been observed at long-term average 
ambient concentrations comparable to those at which morbidity outcomes have been 
detected in other populations (See sections 7.3 - 7.6, Figure 7.5) which suggests that it 
would be reasonable to base the standards principally on studies involving mortality. To our 
knowledge, there is no evidence that morbidity effects would occur at PM concentrations 
lower than those associated with increased risks of mortality. This may be due to the different 
populations at risk examined in the various studies. That is, associations between 24-hour 
averages and mortality have been detected primarily in the elderly, who have a high 
prevalence of chronic cardiac and respiratory disease. In contrast, time-series or panel 
studies of children, who are not at high risk of mortality, have examined a variety of 
respiratory morbidity outcomes in relation to daily changes in PM. Though the initiation of 
biological reactions may overlap (e.g., airway and alveolar inflammation), the downstream 
pathophysiological consequences could vary by age, pre-existing genetic and acquired 
chronic conditions and co-morbidity, and so forth. Interestingly, there does not appear to be a 
gradient of exposure concentrations related to increasing health outcome severity. Thus, 
standards premised on providing protection against mortality should also, a forfiori, protect the 
public, including infants and children, against the occurrence of morbidity outcomes. 

To the extent that the annual standards for PM10 and PM2.5 are attained, the distributions of 
24-hour and other short-term averages of PM10 and PM2.5 will shift downward markedly 
throughout the year. The likelihood of adverse health events occurring after acute exposures 
will also therefore be substantially reduced. Nevertheless, there may well be areas that will 
attain the annual PM standards, yet still experience seasonally high PM excursions 
associated, for instance, with prolonged winter air stagnation combined with residential wood 
combustion or with summer temperature inversions- The plethora of time-series and panel 
studies cited in this document make it clear that short-term elevations of PM are associated 
with increased morbidity and mortality, though again, the impacts of the ongoing chronic PM 
exposure have not been identified. Therefore, though downward revisions to the annual PM 
standard will enhance protection of the health of the public, including infants and children, it is 
appropriate to limit shorter-term PM exposures, as well. 
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7.10.4.1 Annual Standard for PM1 0 

Considering the weight of evidence from. the literature reviewed in prior sections, staff 
recommends that the annual average standard for PM10 be revised from 30 to 20 .pg/m3. 
Consideration of an annual standard at this level would place significant weight on the studies 
of mortality related to long-term PM exposure using the Harvard Six-Cities data (Docket-y et 
al., 1993) and the American Cancer Society cohort (Pope et al., 1995), both reanalyzed by 
Krewski et al. (2000). In the study by Dockery et al. (1993), the long-term average for PM1 0 
ranged from 18 to 46.5 pg/m3 in the six cities, with an overall mean of 30 pg/m3. Visual 
inspection of graphs of this study’s results suggests a continuum of effects down to the lowest 
levels, with no evidence for a threshold (recognizing that it would be difficult to detect a 
threshold graphically in this set of six data points corresponding to the six cities). However, 
the city with the lowest long-term average PM10 concentration (Portage, WI) was, for 
purposes of analysis, designated as the reference category, against which the other cities 
were compared. In other words, it was assumed in the analysis that there was no increase in 
risk in this city. Thus, it would not be appropriate to infer, for standard-setting purposes, that 
PM-related effects on mortality occurred (or did not occur) at the long-term mean PM10 
concentration of 18 pg/m3 in Portage. In addition, while there appears to be a graphic 
exposure-response relationship by city, no clear increase in the risk of mortality is evident in 
Topeka, KS (which had a long-term annual PM10 concentration of 26.4 pg/m3) relative to 
Portage. Finally, the relevant periods of exposure associated with long-term effects are 
unknown (other than those likely to be associated with short-term exposures within each 
year). In the absence of better information, it is reasonable to select the mean long-term 
PM10 level as a starting point for recommending the annual standard. In the Six-Cities study, 
the mean long-term PM10 level was 30 pg/rn3- 

Likewise, Pope et al. (1995) reported effects on mortality associated with PM25 but not 
PMlO, in the analysis of the American Cancer Society cohort, with an overall PM2.5 study 
mean of 20 pg/m3. The recent re-analysis of the ACS study also suggests associations of 
mortality with long-term exposure to PM2.5, but not PM10 (Krewski et al., 2000). If one 
assumes that fine particles are driving the associations between PM and mortality in the ACS 
study, and that the ratio of PM2.5 to PM10 is about 0.65 for most of the urban areas included 
in that study (see Chapter 6) this would convert to an overall long-term average PM10 
concentration of 28 pg/m3. 

Several investigations, including the Children’s Health Study (McConnell et al., 1999) and the 
Harvard Six-Cities Study (Dockery et al., 1989) have also reported associations between 
long-term PM exposures and morbidity outcomes, including bronchitis, exacerbation of 
asthma, and reductions in lung function (see section 7.6). In these studies, the long-term 
(one- or multi-year) mean PM10 concentrations ranged from about 21 to 35 pg/m3- Some of 
the morbidity studies, however, may be capturing the effects of exposure to multiple 
pollutants- For instance, in the Children’s Health Study, the associations of adverse health 
outcomes with PM10 and PM2.5 could not be statistically disentangled from the co-pollutants 
NOa and acid vapors. Therefore, selection of a target concentration of 20 pg/m3 puts greater 
likelihood on a PM-specific effect in these morbidity studies, and provides a margin of safety, 
assuming that there may be interactions among co-pollutants. 

As noted above, the epidemiological studies of daily exposure and mortality have reported 
long-term mean or median PM10 concentrations from 14 to 115 pg/m3 (see Table 7.1 and 
Figure 7.1). These studies examine short-term fluctuations in air quality in relation to daily 
changes in mortality over intervals ranging from months to years. The degree of uncertainty 
regarding the results generally decreases as the average or median concentration increases. 

c 
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As can be seen in Figure 7.2, most of the studies that have tong-term means or medians 
below 25 rug/m3 have point estimates suggesting an association with PM10, but the 
confidence intervals tend to be wide and include the null value, indicating weaker, more 
uncertain associations. The annual averages of these short-term exposure studies are 
relevant, since associations are observed throughout a wide range of exposures and not only 
at the extreme values. In addition, some of the PM-associated mortality captured in the cohort 
studies described above would include the modest increments in short-term risks reported in 
the time-series studies, recognizing that larger long-term increments in risk appear to be 
related more to chronic than to short-term exposures. Finally, all of the time-series studies 
conducted at- these lower concentrations were undertaken outside California and the United 
States. Studies more relevant to California (i.e., those conducted in California or other parts of 
the United States) reported long-term PM concentrations in the range of 25 to 35 pg/m3 (see 
Table 7.1). Consideration of a standard of 20 pg/m3 would, therefore, provide a margin of 
safety-by placing significant weight on some of the time-series studies conducted outside of 
California and the U.S. This recognizes the generalizability of the results of these studies, 
a!though the sources and mix of PM constituents, the underlying population health 
characteristics, and the exposure patterns may differ from those in California. A standard set 
at 20 pg/m3 would protect against mortality effects related to long-term exposure in adults and 
morbidity effects (such as acute bronchitis in children). The quantitative benefits assessment 
(section 9) suggests that attainment of this standard could result in the avoidance .of an 
estimated 6,500 (95% Cl=3,200-9,800) cases of premature mortality per year associated with 
the difference between this proposed level and the current annual averages of ambient PM10 
concentrations throughout California (a population-weighted average exposure of 33.1 

Wm3). 

7..10.4.2 24-hour Averaqe for PM70 

Staff recommends that the 24-hour average for PM10 of 50 pg/m3, not to be exceeded, be 
retained. If the recommendations for new 24-hour and annual standards for PM25 are 
adopted, this standard would offer protection primarily against peak concentrations of coarse 
particles in areas that otherwise attain the annual standard for PMIO. For many urban areas 
in California, attainment of the annual standards will mean infrequent PM excursions, which 
would typically be associated with seasonal air stagnation or with wind events in desert or 
semi-arid areas. Thus, the 24”hour standard is intended to prevent ocoasional elevated PM1 0 
levels. Staff believes that the existing 24-hour PM10 standard proscribing any single day 
concentration above 50 pg/m3, in concert with attainment of the 24-hour standard for PM25 
and the annual average standards for PM10 and PM2.5, would provide substantial protection 
of public health, including that of infants and children, as described below. 

The 24-hour PM10 standard was first promulgated in California in 1983, based primarily on an 
analysis of daily mortality in London in relation to changes in PM. At that time, there were no 
epidemiological studies in which PM10 had actually been measured. Rather, critical PM10 
concentrations had estimated from other PM metrics, including TSP and British Smoke. Since 
then, a voluminous literature has appeared linking fluctuations in short-term or daily 
measurements of PM10 with a variety of adverse health outcomes, as reviewed in secti0n.s 
7.2, 7.3 and 7.5. Complemented by recent toxicological and controlled human exposure 
studies, the epidemiological foundation linking variations in ambient PM10 and daily morbidity 
and mortality has been firmly established. 

Nonetheless, translating the results of these epidemiologicat studies into a short-term 
standard remains somewhat problematic. As noted in prior sections, multi-city analyses in 
Europe and the United States suggest exposure-response relationships between daily 
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variations in ambient PM10 and fluctuations in cardiopulmonary mortality and other health 
effects that are essentially’linear and,without an observable ttireshold. To the extent that this 
is an accurate characterization of PMIO-mortality associations, and that the latter represent 
causal relationships, there is little guidance on where to draw a “bright line” in recommending 
a short-term standard. Moreover, in time-series studies segregation of the influence of chronic 
low-level exposures on individual susceptibility to daily PM elevations remains problematic. 
Cumulative exposures over several days or longer, rather than during a single 24-hour period, 
may represent a more relevant time frame of exposure. Consistent with this hypothesis, 
numerous epidemiological studies report morbidity or mortality effects of greater magnitude 
associated with multi-day moving averages compared with single-day lags (Hajat et al., 2001; 
Schwartz, 2000b; Schwartz et al., 1993; Pope et al., 1992). Nevertheless, as described 
above, 24-hour average PM10 concentrations have been consistently associated with 
increased daily mortality and morbidity. 

Recognizing the limitations of the epidemiological data available for standard-setting 
purposes, OEHHA recommends retention of the 24-hour standard in consideration of the 
following factors: (1) the apparent linearity of dose-response; (2) the greater uncertainty of 
effects at the lower concentrations; (3) the paucity of epidemiological data documenting the 
impact of a single 24-hour exposure at low ambient (i.e., non-occupational) concentrations; 
(4) the dominance of the effects associated with chronic exposures and the impact of chronic 
exposure on the response to short-term elevations in PM concentration; (5) the likelihood of 
effects occurring at concentrations above 50 pg/m3 and (6) the interrelationships of alternative 
averaging times. 

7.10.4.2.1 Linearity of Dose-Response 

As discussed above (section 7.3.5), time-series studies of morbidity and mortality indicate that 
the exposure-response relationships for 24-hour average PM exposures are linear and show 
no evidence of a threshold. The latter observation makes it difficult to identify where a “bright 
line” representing a single-day 24-hour PM10 standard should be drawn. The historic 
rationale for a 24-hour standard was the presumption that significant health effects occurred 
only on high concentration, “episodic” days or that high pollution days generated 
disproportionately greater and more severe adverse health outcomes- In general, the notion 
that episodic peaks alone are responsible for adverse effects ignores the potential role of 
chronic low-level exposures, which may predispose individuals towards greater susceptibility 
to elevated PM concentrations- In addition, there is little, if any, evidence that the exposure- 
response relationship becomes steeper at higher ambient concentrations; rather, the data 
generally indicate a linear exposure-response relationship. 

7.10.4.2.2 Greater Uncertainty at Lower Concentrations 

Epidemiological studies of short-term exposure and mortality have reported mean or median 
PM10 concentrations ranging from 14 to 115 pg/m3 (see Table 7.1 and Figure 7.1). As can be 
seen in Figures 7.2 and 7.3, however, greater uncertainty about the effects exists as one 
moves to studies with lower concentrations. The greater uncertainty may be due to fewer 
health impacts associated with exposure to lower concentrations as well as other factors; 
including errors in exposure measurement, confounding by co-pollutants, and the chemistry of 
the particle mixture. Other uncertainties related to extrapolating the epidemiological findings 
from many of the daily exposure studies to California may result from differences in factors 
such as weather, housing stock, and population characteristics. Therefore, retention of the 
existing 24-hour standard acknowledges the uncertainty in applying the underlying studies 
with relatively low PM10 levels to urban and suburban populations in California. 
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7.10.4.2.3 impact of Single 24-Hour Exposures at Low Concentrations 

Exposures of 24-hours duration occur “on top of” consistent chronic low~level exposures to 
PM. The effects of long-term exposure to PM, as described in section 7.4, have been 
documented in several carefully conducted studies using a prospective cohort design. These 
studies incorporate effects &ssociated with both short-and long-term exposures (although they 
may not include all of the impacts associated with mortality displacement). Basically, for these 
study effects to be observed, individuals must be continually moving into a “risk pool” from a 
non-risk OF lower-risk status over time. Long-term exposure to PM subjects people to an 
increased risk (i.e., moves then into the “risk pool”) of mortality from cardiovascular disease, 
whether or not their deaths are ultimately associated with a recent “acute” exposure to PM 
(Schwartz, 2001a; Kunzli et al., 2001). While acute daily exposures appear to exert an 
independent effect on mortality and morbidity, the influence of a single 24-hour exposure at a 
concentration relevant to the PM standards, absent any other exposure to PM, has not been 
(and probably cannot be) determined epidemiologically. This would require observance of 
weeks or months of exposure to very low background levels of PM followed by a single day 
peak exposure. Even for individuals exposed experimentally in chamber studies, prior 
exposure to ambient PM cannot be discounted. Therefore, it is difficult to completely isolate 
the impacts of short-term elevated PM levels from chronic background exposures. in addition, 
as reviewed above, there is evidence that multi-day PM10 exposures are, at least in some 
studies, associated with greater risks than single-day exposures. 

7.10.4.2.4 Importance of Impacts of Chronic Exposure 

Our quantitative benefits assessment (section 9) as well as similar efforts undertaken recently 
by the U.S. EPA (U.S. EPA, 2000) demonstrates the significant implicatians of long-term 
exposure on mortality. In addition, effects on adult cases of bronchitis and childhood acute 
bronchitis, both associated with longer-term exposure to PM, are significant as well. 
Therefore, from a public health perspective, one should focus on reducing the entire 
+i.stribution of PM concentrations, which would also lower the number of peak days. 
Formulating a short-term index consistent with the annual average is a rational way to 
approach the issue of limiting peak exposures that might still occur even when the annual 
average PM standard is attained. 

7.10.4.2.5 Relationship of Recommended 24-hour and Annual PM1 0 Standards 

As discussed in Chapter 6, ARB uses the Expected Peak Day Concentration (EPDC) in 
determining the “design value” for the 24-hour standard. The development of the EPDC uses 
a statistical model of the highest 20% of the daily values from the previous three years, 
making it relatively robust with respect to fluctuations in daily meteorological conditions. 
Specifically, the index will not be unduly influenced by any single day, and exceptional events 
such as forest or urban fires can be excluded. We conducted an analysis to determine the 
relationship between the EPDC and the annual average of 20 pg/m3, the most health- 
protective end of the range proposed above. This analysis identified the single day peak 
exposure concentration that is consistent, given the current statewide distributions of PMIO, 
with an annual average of 20 pg/m3. 

Using data from 144 sites around the state, a linear regression model was run relating the 
EPDC to the annual average for each site. The regression model generated an * of 0.72 and 
indicated that statewide, the EPDC associated with a 20 pg/m3 annual average is 48 pg/m3 
which accords quiet closely with the existing standard. For the South Coast AQMD, 
representing the most populous air basin in the state, the predicted EPDC is 51 pg/m3. 
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7.10.4.2.6 Likelihood of Effects Occurring at Single Exposures Above 50 pg/m3 

As indicated by Table 7.1, several studies with study means in the range of ;5 to 30 pg/m3 
PM10 demonstrate associations between daily exposures and mortality. However, as 
indicated above, several studies at the lower concentration had wide confidence intervals that 
included the null value; that is, where the null. hypothesis of no effect could not be rejected. 
OEHHA staff has examined the distribution of peak concentrations (i.e., 9!?’ percentiles or 
maximum 24-hour concentrations) when they were provided in the time-series mortality 
studies reporting study mean concentrations of less than 30 pg/m3. Many of these studies 
have peak values close to or above 50 pg/m3- Given the linear, nonthreshold nature of the 
exposure-response relationship, keeping peak PM10 concentrations below 50 pg/m3 will not 
categorically assure the absence of health impacts. However, combined with the 
recommended PM2.5 standard of 25 pg/m3, attainment of a PM10 standard in which peak 
concentrations are kept below 50 pg/m3is consistent with a distribution of PM10 in which the 
likelihood of mortality will be substantially reduced. Therefore, it is reasonable from a public 
health perspective to recommend a goal of preventing days when the 24-hour average 
concentration exceeds 50 pg/m3. 

In summary, while it is difficult to determine the effects of a single 24-hour exposure from 
available scientific studies, the evidence suggests that minimizing or eliminating days when 
the 24-hour PM10 average concentration exceeds 50 pg/m3 represents a desirable public 
health goal. Bearing in mind that the attainment of the annual average PM10 standard will 
significantly depress the entire PM10 distribution, and attainment of the recommended 24- 
hour PM2.5 standard will in many instances also reduce peak PM10 levels, preventing single 
day PM10 concentrations above 50 pg/m3 should afford additional public health protection. 
Therefore, we are proposing that the 24-hour standard be retained at 50 pg/m3. Together, 
these standards should protect public health with an adequate margin of safety in the sense 
described in the introductory paragraphs of section 7.10. 

7.10.4.3 Annual Standard for PM2:5 

Staff recommends that the annual average for PM2.5 should be 12 pg/m3, as explained 
below. Consideration of a standard at this level would place significant weight on the long- 
term exposure studies using the ACS and Harvard Six-Cities data (Dockery et al., 1993; Pope 
et al., 1995; Krewski et al., 2000). In both studies, robust associations were reported between 
long-term exposure to PM2.5 and mortality. The mean PM2.5 concentration was 18 pg/m3 
(range of 11 .O to 29.6 pg/m3) in the Six-Cities study and 20 pg/m3 (range of 9.0 to 33.5 pg/m3) 
in the ACS study (see Figure 7.6). Thresholds were not apparent in either of these studies, 
although the precise period(s) and pattern(s) of relevant exposure could not be ascertained. If 
we assume, as -in the PM10 standards considered above, that health effects are more likely to 
be observed when concentrations are at or above the mean or median PM25 levels, rather 
than at lower levels, then the most likely effects level for considering an annual PM2.5 
standard would be 18 pg/m3. Graphical analyses of these studies (Dockery et al., 1993, 
Figure 3 and Krewski et al., 2000, page 162) suggest a continuum of effects down to lower 
levels. In the case of the ACS study, uncertainty in the risk estimates becomes apparent at 13 
pg/m3. Around this level, the confidence bounds significantly widen since the concentrations 
are relatively far from the mean. In the Dockery et al. study, the relative risks are similar to 
the cities at the lowest long-term PM2.5 concentrations of 11 and12.5 pg/m3. Larger 
increases in risk don’t occur until the long-term PM2.5 mean equals 14.9 pg/m3. Therefore, 
an annual standard of 12 pg/m3 would be below the mean of the most likely effects level and 
would provide a margin of safety. 
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Figure 7.6 PM25 Range Of Long-term Mean Concentrations Observed On Epidemiologicai 
Studies 

Chronic Exposure Mortality: Dockery et al., 1993 (Six-Cities Study) 

Chronic Exposure Mortality: Pope et al., 1995 (KS) 
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Targeting a long-term mean PM25 concentration of 12 pg/m3would also place some weight 
on the results of multiple daily exposure studies .examining relationships between PM25 and 
adverse health outcomes (Table 7.2). These studies have long-term (three- to four-year) 
means in the range of 13 to 18 pg/m3. It should be noted however, that many of these 
epidemiological investigations were conducted outside California, and may not be 
representative of exposures or population characteristics here. A standard set at 12 pg/m3, 
well below the means of the major cohort mortality studies, would provide additional 
protection against mortality in adults associated with long-term exposure, as well as against a 
variety of morbidity effects in children (described in section 7.6, above). In the opinion of 
OEHHA staff, an annual PM25 standard of 12 pg/m3 would be likely to provide adequate 
protection of public health, including that of infants and children, against adverse effects of 
long-term exposure. 

The quantitative risk assessment examining the impacts of attainment of the annual PM25 
standard (section 9) suggests that this could result in a reduction of 6,500 cases (95 percent 
Cl 3,200 - 9,800) of premature mortality per year associated with the current annual average 
of ambient PM25 concentrations in California (approximately 18.5 pg/m3, as reported in 
Chapter 9). 

7.10.4.4 24-hour Standard for PM2.5 

In the initial report to the Air Quality Advisory Committee (November 30, 2001), OEHHA staff 
did not propose a specific 24-hour standard for PM2.5. The Committee, however, 
unanimously recommended that OEHHA develop such a standard, and suggested several 
possible approaches. Responding to the Committee’s concerns and suggestions, OEHHA 
staff members have formulated the following recommendation, in consultation with staff at the 
ARB. 

As reviewed in prior sections, the epidemiological literature suggests the existence of impacts 
on both morbidity and mortality related to fluctuations in ambient PM25 on a daily basis. 
Morbidity outcomes associated with changes in 24-hour concentrations in PM2.5 include 
admissions to hospitals for respiratory and cardiac diseases (see sections 7.5.1 and 7.5.2). 
There is also a growing literature suggesting potential mechanistic linkages between ambient 
PM2.5 and exacerbations of cardiovascular disease that could result in hospitalization or 
death (see section 7.8). These include associations with serious cardiac arrhythmias, 
myocardial infarctions, and decreased heart rate variability (Peters et al., 2000a, 2001a, Liao 
et al., 1999; Gold et al., 2000; Pope et al., 1999c). As noted in prior sections, the entire 
spectrum of adverse health outcomes associated with ambient PM2.5, including 
exacerbations of asthma, emergency room visits, hospitalizations, as well as mortality, occurs 
within the same general concentration range and also seems to be best described by a linear, 
non-threshold model. Such a model implies that the level(s) at which adverse effects begin to 
occur cannot be identified and that there are no abrupt changes in the slope of the dose- 
response relationship to delineate a “bright line” or threshold. 

Consistent observations of health effects associated with low ambient concentrations of fine 
particles, however, indicate that a short-term PM2.5 standard is required to protect public 
health. Moreover, while state-wide attainment of the proposed annual PM2.5 standard will 
result in a reduction of PM2.5 peak concentrations, some areas will be able to attain the 
annual standard and still experience periods during which 24-hour PM2.5 concentrations 
associated with increased morbidity and mortality can occur (e.g., during winter inversions 
accompanied by widespread residential wood combustion). This phenomenon also 
evidences the need for a short-term standard. 

rT+ 
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Development of a short-term standard for PM2.5, however, encompasses difficulties similar to 
those encountered with respect to the 24-hour standard for PMIO, largely because the 
exposure-response relationships examined appear to be linear without clear evidence of a 
threshold. In order to address the lack of a “bright line” in the exposure-response curve, 
QEHHA staff members propose to reduce the entire distribution of fine particles below the 
reported levels of distributions consistently associated with adverse health effects. The 
underlying principle is to reduce not only the mean concentration (represented by the annual 
average), but also specifically the upper tail of the distribution, described by the 98’h percentile 
of the distributions of published studies. In so doing, OEHHA has relied primarily on studies 
relating fine .particle concentrations with daily mortality, the most serious irreversible health 
impact. As noted above and in section 7.5, associations of PM2.5 with morbidity, including 
effects such as exacerbation of asthma in children, have been observed to occur within the 
same concentration range as those linked with increased daily mortality in adults. We have 
therefore assumed that a standard intended to protect against the occurrence of mortality will 
also protect against these other important health outcomes. 

7.10.4.4.1 Methodological Approaches 

Bn developing this recommendation, OEHHA staff followed several approaches. Specifically, 
we have: (q ) used statistical methods to examine the shape of the exposure-response 
relationships using two California datasets, and compared the results with those reported for 
other non-California datasets; (2) tabulated the results of all time-series studies published in 
English, for which direct PM2.5 monitoring data were available, that have explored 
associations between low levels of ambient PM25 and daily mortality; and (3) examined, with 
technical assistance from ARB staff, the upper tail of the PM25 distribution in California 
consistent with an annual average of 12 &m3, based on datacollected throughout California 
in 1999 and 2000. Based on the results of these analyses, OEHHA recommends that the 24- 
hour PM2.5 standard be established at a level of 25 pg/m3, not to be exceeded. The adoption 
of the accompanying recommendation for an annual PM2.5 standard of 12 pg/m3 is an 
integral component of this proposal. Attainment of the recommended annual standard will 
help shift the entire PM2.5 distribution to the left, and will influence peak concentrations, as 
well. However, in itself, the annual average will not fully address the issue of brief (i.e., one to 
several days) increases in PM2.5 levels. Thus, the 24-hour standard is intended to protect 
Californians against significant short-term elevations of PM2.5. 

1. Statistical approaches 

As discussed in section 7.3.5, staff from OEHHA and the Bay Area Air Quality Management 
District (BAAQMD) undertook a variety of detailed analyses of data from the two published 
California studies involving 24-hour measurements of PM2.5 and daily mortality counts (in 
Coachella Valley [Ostro et al., 20001 and Santa Clara County [Fairley, 1999]). In general, 
nonlinear models (and, in particular, models intended to identify possible thresholds) offered 
no improvement over a linear, nonthreshold model in fitting the data. These analyses, which 

2. Distributions of PM2.5 in daily mortality studies. 

OEHHA staff obtained data from the authors of all recently published studies examining 
ambient PM2.5 concentrations in reiation to daily nonaccidental mortali@. Table 7.7 provides 
information on the estimated percentage change in daily mortality associated with a 10 pg/m3 
change in PM2.5. All the point estimates of this relationship in Table 7.7 are positive, though 
not all are statistically significant. The upper tail of the PM25 distribution in each of these 
investigations is indicated by the 98’h percentile, which is somewhat less subject to the factors 
determining the most extreme values. Examination of the PM2.5 levels in Table 7.7 indicates 
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Table 7.7 Distributions and Associations of 24-hour PM23 with Daily Total(T) and 
Cardiovascular(CV) Mortality for All Age Groups (except where noted) in 
U.S. and Canadian Cities with Mean* PM2.5 Concentrations C 25 ug/m3, 
Sorted by Reported 98th Percentile Concentrations” 

City 

Edmonton 

Mean* 
98th 

Time Period Reference 
.(dm3) cepn”:i;e 

% Increase (95% Cl) 
per 1 Opg/m3 

1986-l 996 Burnett et al., 2000 10 28 T:2.18(-1.74, 6.10) 
_I_--.- I I I 

1 1 
I I 

Calgary 1986-l 996 Burnett et al., 2000 1 10 1 29 1 T:0.63(-358,484) 
I I I I I 

Winnipeg 1986-l 996 Burnett et al., 2000 1 10 1 29 1 T:0.38(-3.15, 3.91) 

- 
, 

Vancouver 1986-l 996 Burnett et al., 2000 13 30 T:2.56(0.23,4.89) 
~- 
Topeka, KS 1979-1988 Schwartz et al., 1996 12 31 T:0.80(-0.20, 3.60) 

Phoenix, AZ-- 
(Mortality for 19951997 Mar et al., 2000 13 32 

T:2.22(0.00, 5.56) 

65 ys & older) CV:6.85(2.22, 11.48) 
-~ 

Portage, WI 1979-1987 Schwartz et al., 1996 11 34 Til.20(-0.30, 2.80) 

Ottawa 1986-1996 Burnett et al., 2000 12 35 T:2.45(-0.53, 5.43) 
~- 
Coachella 
Valley, CA 1995-l 998 Ostro et al., 2000 17 38 R 

____.-..__ 
Toronto 1986-l 996 Burnett et al., 2000 15 41 T:0.91(-0.05, 1.87) 

Boston, MA 1979-l 986 Schwartz et al., 1996 16 42 T:2.20(1.50,2.90) 
I I I I I 

Windsor ) 1986-1996 ) Burnett et al., 2000 1 18 1 43 1 T:5.20(2.24, 8.16) 

Montreal 
-- 

Kingston 
--_- 
St. Louis, MO 

1984-l 993 Goldberg et al., 2001 a 18 43 T:l.93(1.16,2.71) 

1980-I 987 Schwartz et al., 1996 21 44 T:l.40(0.20,2.60) 

1979-1987 Schwartz et al.. 1996 19 46 T:l.10(0.40, 1.70) 
-- 

Santa Clara, 
CA 

!  v 

1990-I 996 Fairley, 1999 13 51 
T:3.26(1.27, 5.24) 

CV:2.48(-0.35, 6.02) 

Montreal 1986-1996 Burnett et al., 2000 15 51 T:l.23(0.11,2.35) 

Detroit, MI 1992-1994 Lippmann et al., 2000 18 55 T:1.24(-0.26, 2.83) 

CV:1.28(-0.91,3.65) 
. . 

measurements over trme period. 

** Some data in Table 7.7, particularly most of the 9Sth percentile values, were obtained directly from 
the authors of the published reports 
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that? when t’he 98’h percentiles of the fine particle distributions are 532 pg/m!, and the mean 
fine particle concentrations are <I3 .pg!rn3,. the results are characterized by greater 
uncertainty, since the confidence intervals for the percent change in mortality include zero. 
These were studies conducted in Portage (WI), Topeka (KS), and in four Canadian cities 
(Calgary, Edmonton, Ottawa, and Winnipeg). One partial exception to this observation is 
Vancouver, British Columbia, which had a 98’” percentile PM25 concentration of 30 pg/m3, 
though the mean concentration was 13 pg/m3. These results do not imply an absence of 
effects when peak PM25 concentrations are below 30 pg/m3; rather, these estimates may be 
subject to greater uncertainty potentially ascribable to several factors, including fewer health 
impacts associated with exposure to lower concentrations, exposure measurement error, 
confounding by co-pollutants or meteorological factors, differences in the composition of 
particle mixtures, decreased statistical power, and reduced variance in the PM2.5 values in 
studies with lower means. The last explanation is unlikely, however, as we examined the 
coefficients of variation in the studies with relatively low PM25 mean concentrations and 
found that they were generally similar to those in the studies with higher mean levels. In 
contrast, statistical power (i.e., the ability to detect statistically a real relationship between two 
variables) is likely to be reduced at lower ambient pollutant concentrations. Based on model 
simulations conducted by staff at the BAAQMD, the increased uncertainty between lower- 
Bevel PM25 concentrations and daily mortality may be attributable in part to insufficient 
statistical power. 

Published studies provide some guidance for an appropriate reduction in the distribution of 
PM2.5. An annual PM2.5 standard of 12 pg/m3 would represent a level lower than the long- 
term means of all the studies in which significant associations with changes in daily mortality 
have bee.n identified (see Table 7.7 and section 7.3, above). Attainment of the annual 
average would, as previously noted, result in an across-the-board reduction of’ PM2.5, 
including peak concentrations” Setting a 24-hour standard level below 30 pg/m3 would shift 
the upper extreme of the PM2.5 distribution to a level lower than those identified in the studies 
described above. Because the exposure-response relationship is characterized by a linear, 
nonthreshold model, such a 24-hour standard does not imply total elimination of health risks 
when this standard is attained. However, reduction of peak PM2.5 concentrations below 
those observed in studies reporting adverse effects represents a rational approach to reduce 
the risk of short-term PM2.5-associated mortality and morbidity and to position the entire 
distribution of PM2.5 below’ those for which there is current, published evidence of health 
effects. 

3. Relationship of Recommended Annual PM2.5 Standards and 24-hour PM25 
Concentrations in California 

As discussed in Chapter 6, the ARB uses the Expected Peak Day Concentration (EPDC) to 
determine the “design value” for 24-hour standards. The development of the EPDC uses a 
statistical model of the highest 20% of the daily values from the previous three years, making 
it relatively robust with respect to fluctuations in daily meteorological conditions. Specifically, 
the index will not be unduly influenced by any single day, and exceptional events such as 
forest or urban fires can be excluded. We used a modified version of this process to examine 
the upper tail of the PM2.5 distribution (98’h percentile) rather than the most extreme values 
within California. -Witin assistance from ARB staff, we conducted an analysis to determine the 
relationship between the 98’h percentile of the PM2.5 distribution in California and the 
proposed annual average of 12 pg/m3. This analysis identified the 98’” percentile 
concentrations consistent with an annual average of 12 pg/m3, given recent statewide 
distributions of PM2.5. 
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Using data from 54 sites around the state, located principally in large urban areas, a linear 
regression model was performed (linear models fit the data ‘better than non-linear models) 
relating the 98’h percentile of the PM2.5 distribution to the annual average for the years 1999 
and 2000 for each site. The regression model generated an ? of 0.79 and indicated that 
statewide, the 98’h percentile for the distribution of PM2.5 associated with a 12 pg/m3 annual 
average is approximately 39 pg/m3. For sites within the jurisdiction of the South Coast Air 
Quality Management District, representing the most heavily populated air basin in the state, 
the predicted 98’h percentile concentration is approximately 37 pg/m3, while the corresponding 
value for three other major air basins (the San Francisco Bay Area, San Joaquin Valley, and 
Sacramento) is 45 pg/m3, and that for the South Central Coast is 33 pg/m3. 

This approach to identify ambient PM25 98’h percentile concentrations consistent with 
attainment of the proposed annual average indicates that, at least in some of the heavily 
populated air basins, predicted concentrations of PM25 could fall within ranges previously 
reported to be associated with increased daily mortality (Table 7.2) and morbidity. This 
modified EPDC exercise suggests the need for a lower short-term standard to limit excursions 
of PM2.5 to protect against increased risks of morbidity and mortality. 

7.10.4.4.2 Recommendation for 24-hour PM2.5 Standard 

Examining the evidence descrjbed above, OEHHA recommends that the 24-hour PM25 
standard be 25 pg/m3, not to be exceeded. The rationale for this recommendation is as 
follows: 

(i) Multiple analyses of the exposure-response relationships between PM25 and mortality 
indicate that the data can be fitted most parsimoniously with linear, nonthreshold models. 
Given the apparent linearity of the exposure-response relationships in the epidemiological 
data, it is difficult to determine at what concentrations within the PM2.5 distributions in each 
study adverse health effects begin. intuitively, one would expect greater biological responses 
and larger numbers of adverse events occurring at higher concentrations, everything else 
being equal. Nonetheless, in a linear exposure-response relationship, effects may be 
observed at lower levels as well (e.g., Schwartz et al., 1996). 

The importance of the linear, nonthreshold exposure-response relationship cannot be 
overemphasized in light of legislation requiring that ambient air quality standards be 
“established at levels that adequately protect the health of the public, including infants and 
children, with an adequate margin of safety.” (California Health & Safety Code section 
39606(d)(2)) If a threshold in the exposure-response curve cannot be identified, then 
specification of an “adequate margin of safety” becomes challenging. The approach OEHHA 
staff members have adopted in pursuit of this objective has therefore been to: (1) identify 
indicators of the distribution of PM2.5 (specifically the means and 98’h percentiles) in 
epidemiological studies that demonstrate the relationship of ambient fine particles with 
adverse health impacts, (2) recommend that the distribution of PM2.5 in California be reduced 
below the levels of these distributions, and (3) incorporate a margin of safety in the form of a 
standard “not to be exceeded”, which will assure that the extreme values of the PM25 
distribution in California will be lower (and in general substantially lower) than the 98’h 
percentiles of PM25 distributions in published studies. 

(ii) Without placing a short-term limitation on PM25 concentrations, recent experience in 
California indicates that even attainment of the recommended annual standard of 12 pg/m3 
will allow for excursions well into the range in which adverse effects, including mortality, have 
been identified in epidemiological studies. Notably, the modified EPDC analysis undertaken 
by the ARB staff indicates that for several large air basins, the estimated 98’h percentile of the 
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PM25 distribution consistent with attainment of an annual ,standard of 12 pg/m3 would be in 
excess of 40 pg/m3. Thus, adoption of a 24-hdur standard of 25 pg/m3 would .be intended to 
limit such excursions. 

(iii) As with PM10, morbidity and mortality outcomes appear to occur within the same PfG2.5 
concentration ranges (see section 7.5). Therefore, we have focused on mortality as the most 
serious adverse health outcome. Changes in ambient air quality sufficient to protect against 
increases in mortality should, a fortiopi, also protect against the occurrence of morbidity, in 
children as well as adults. 

(iv) Among studies examining PM25 and mortality, the long-term mean concentrations of 
those finding a significant association varied from 13 to 211 plg/m3. while the 98’h percentiles of 
the distributions ranged from 30 to 51 pg/m3. Shifting the entire PM2.5 distribution 
downwards and limiting short-term excursions should reduce the likelihood of fine particle- 
associated mortality and morbidity. Recommending an annual average of 12 pg/m3 
addresses the issue of shifting the overall distribution downwards. By the same token, 
recommending a 24-hour PM25 limit of 25 pg/m3 would place the upper extreme of the 
distribution lower than the 98’h percentile of those identified in studies finding significant 
associations with mortality, thereby incorporating a margin of safety. More specifically, except 
for the study of Vancouver (Burnett et al., 2000), all published investigations of PM2.5 and 
mortality in which statistically significant effects were detected had 98’h percentile PM2.5 
concentrations of 32 pg/m3 or greater. Positioning the upper extreme of the PM2.5 distribution 
in California at 25 pg/m3 effectively incorporates a margin of safety into this recommendation, 
based on the best available scientific evidence. 

7.10.4.5 24-hour Standard for Sulfates 

Staff recommends that the 24-hour average standard for sulfate of 25 pg/m3 be retained. 
Serious health effects have been associated with exposure to ambient sulfates, particularly in 
areas rich in strongly acidic sulfates such as the eastern Lfnited States and Canada. The 
results of such studies however, have not been as consistent as those for PMIO, PM2.5, or 
the coarse fraction. In addition, though daily sulfate concentrations have been linked with a 
variety of adverse health events in epidemiological studies, the nature of the study data does 
not allow for segregation of outcomes related to chronic low-level exposure from those 
associated with daily elevations in sulfate concentrations. 

In California, acidic sulfates (principally sulfuric acid and ammonium sulfate) constitute a small 
fraction of the PM mass relative to the areas in which sulfates have been found to be 
associated with adverse health impacts. Sulfate concentrations in California have been far 
lower during the past few years than the level of the. existing standard. Based on an 
assessment of current scientific evidence and ambient air quality data, staff believes that 
exposures to sulfates in California do not appear to pose health risks distinct from or greater 
than those associated with exposures to particulate matter generally. In view of the mixed 
evidence in the sulfates and health in California, the low likelihood of health risks in relation to 
ongoing trends in sulfate emissions and ambient levels, staff recommends that the current 
standard be retained until the next review of the PM standard, if not earlier. 

3.10.4.8 General Staff Conclusions 

In light of the adverse health effects observed at current ambient concentrations and the lack 
of a demonstrated threshold, staff further concludes: (1) that in any air basin in California that 
currently attains the ambient air quality standards, for either PMlO or PM2.5, the air quality 
should not be degraded from present levels; and (2) that the AR9 revisit the standards in five 
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years or less, in order to reevaluate the evidence regarding the health effects associated with 
particle size, chemistry, and concentration. . 
7.10.5 Summary of Recommendations 

l Revise the current PM10 annual average standard from 30 to 20 pg/m3. Revise the 
averaging method to an annual arithmetic mean from the current annual geometric 
mean. 

l Retain the 24-hour standard for PM1 0 at 50 pg/m3, not to be exceeded. 

l Establish an annual average standard for PM2.5 of 12 pg/m3, given growing evidence 
from epidemiological and toxicological studies of significant toxicity related to this size 
fraction of PM. Establish the annual PM25 standard as an annual arithmetic mean. 

l Establish a 24-hour standard for PM25 of 25 pg/m3, not to be exceeded. 

l Retain the current 24-hour average standard of 25 pg/m3 for sulfates. 

General Staff Conclusions Regarding Air Quality Degradation 

l For any air basin in California that currently attains the ambient air quality standards, 
for either PM1 0 or PM2.5, that air quality should not be degraded from present levels. 

l Revisit the standards in five years or less, in order to re-evaluate the evidence 
regarding the health effects associated with particle size, chemistry, and concentration. 
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8. Welfare affects of Patiiwhte Matter 

8.1 Standards and “Welfare Effects” 

“Welfare effects” includes all air pollutant impacts unrelated to human health. The manner in 
which these effects are evaluated depends on the legal authority for standard setting and how 
these effects bear on the standard in question. The California State standard setting 
environment is distinct from that under Federal law. 

Under the Federal Clean Air Act (FCAA) (42 USC Ss 108 & 109) the National Ambient Air 
Quality Standard (NAAQS) for a particular pollutant consists of a “‘primary” standard aimed at 
protecting public health, and a “secondary” standard addressing welfare effects (if such effects 
exist). For gaseous air pollutants, such as ozone, the “primary-secondary” model allows the 
regulatory process to distinguish between an exposure (a specific concentration and duration) 
that causes human health impacts and other exposures that cause environmental and/or 
economic impacts. 

Unlike a chemically homogeneous gaseous pollutant, particulate matter is a complex mixture of 
chemicals distributed over a wide range of particle sizes, with wide variation of chemical 
composition across particle size ranges. Moreover particle size and composition vary over time 
and between geographic areas. Consequently, the effects of particulate matter reflect its 
heterogeneous nature - different materials in different size ranges may have very different 
effects. 

California law allows broad flexibility for air quality standards to address “public health, safety, 
and welfare, including, but not limited to, health, illness, irritation to the senses, aesthetic value, 
interference with visibility, and effects on the economy” [H’&SC 39606(a)(2)}. In establishiig the 
State PM10 Standard, the Air Resources Board declared that PM10 is “the fraction of inhalable 
particles which cause adverse health effects” and it should be “specifically addressed in a 
health-based standard” (ARB, 1982). 

California has legal authority to define additional standards to specifically address other 
particulate matter effects. The PM10 standard is, therefore, not burdened with the requirement 
to cover all aspects of particulate matter pollution, and a separate State standard for “Visibility 
Reducing Particles” was created to address the dominant welfare effect of particulate matter - 
haze. 

This section presents a brief overview of welfare effects and their regulation under State and 
Federai law to place the present PM10 review in the larger context of the rote of particulate 
matter in the global environment. 

8.2 Optical Effects: Visibility and Climate 

The effects of particulate matter (aerosols) on visibility and climate are caused by the same 
optical processes. Visibility is reduced when aerosols interfere with light passing between an 
observer and a distant target; climate effects occur when aerosols interfere with incoming solar 
radiation or outgoing terrestrial radiation, changing the net energy balance between Sun and 
Earth. Where, how, and how intensely these interactions occur determines whether or not they 
are matters of regulatory concern. (The foilowing discussion is highiy simplified, the reader is 
referred to Friedlander (1977) for a full review of aerosol optics.) 
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8.2.1 How Particles interact with Light 

When a beam of el&tromagnetic radiation (“light”) encounters the gases,, particles and droplets 
that comprise the atmosphere, some light is scattered, some is absorbed, and some continues 
along its original path. The obscuring quality of a particular volume of air is termed “turbidity”; 
the experience of turbidity is the perception of “haze.” The reduction of intensity of a beam of 
light as it moves through the atmosphere is termed “extinction,” expressed as the “extinction 
coefficient” - the natural logarithm of the fractional change in intensity per unit distance 
(Middleton, 1952). Extinction is conventionally reported in units of “inverse megameters” 
(l/l ,OOO,OOOm, or “Mm-“‘). Extinction is defined by the fundamental radiation transfer equation: 

1, =-lo e -Bext’d 
(8-l) 

where lo is the intensity of a beam at the beginning of the beam path, II is the intensity at the 
end of the path, e is the root of natural logarithms (2.718.. .), B,* is the extinction coefficient per 
unit distance, and d is the path length. 

Under typical ambient conditions, extinction by various materials and processes is additive. 
Total extinction is the sum of scattering and absorption: 

B ext = Lt +Babs 

Total extinction can be directly measured by observing the reduced intensity of a beam of light 
over a fixed distance, or scattering and absorption can be measured independently (monitoring 
methods are addressed below). 

The strength of extinction is a function of the wavelength of the light, the density of the air, and 
the concentration, size and chemical composition of particles and droplets (aerosols). The 
extinction coefficient is additive, consisting of the sum of independent extinction due to n 
components of the atmosphere: 

Be, = Ct,-n,Bi * C (8-2) 

where Bi is the extinction coefficient per unit mass for the ith component, and Ci is the mass 
concentration of the i-th component. 

8.2.2 Components of Extinction 

Extinction can be represented as the linear sum of four generic components: scattering and 
absorption by both gases and particles. This is represented by the equation: 

B ext = Bsg+Bag+Bsp+Bap 

Assessing the causes of strong extinction usually involves addressing each of these 
components separately. 

Under typical ambient air conditions, B,,, also known as “Rayleigh scattering,” is a function of air 
density (thus a function of altitude), and proportional to the fourth power of wave number 
(inverse of wavelength): 

B,, (Mm-‘) = 12 * p (500/IJ4 /(.00123) 

where p = air density (g/cm3) and h = wavelength (nm). 

For green light (the middle of the visible range) at standard conditions: 

B,, = 12 Mm-’ 

Light absorption by gases, B,,, for clean air and visible light, is practically zero. In urban 
atmospheres, nitrogen dioxide absorbs blue light, causing a yellowing of the sky and distant 
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targets. Outside the vis,ible range, gaseous components of the atmosphere exhibit strong 
absorption at various wavelengths in both’ the ultraviolet (especially ozone) and infrared 
(especially water vapor and carbon dioxide) portions of the electromagnetic spectrum. 

B,, is generally the largest component of extinction. For a given mass of aerosol, the largest 
determinant of scattering is particle size. lf the aerosol size distribution and composition are held 
constant, then, for typical atmospheric particle loads, scattering will be proportional to particle 
concentration. Bf the particles contain hydrophilic chemicals (e.g., nitrates, sulfates), the size 
distribution may change with humidity. Raising humidity will promote particle growth through 
absorption of water, increasing scattering with no change in pollutant concentration. 

The scattering power for a particular amount of aerosol can be expressed as effective surface 
area - the scattering cross-section (cm2). If the volume or mass or aerosol is known, “scattering 
efficiency” can be expressed, respectively, as the volumetric scattering efficiency (cm21cm3) or 
the mass scattering efficiency (cm2Jg). Using appropriate units: 

B,, (Mm-‘) = EfGciency (m2/g) * Concentration (pg/m3) 

(see eqn. 8.2 above) 

Particle size is very important for scattering (Friedlander, 1977). 

The relationship between size and particle scattering efficiency for monochromatic light (a single 
wavelength) is plotted in Figure 8.1. The scattering cross section df particles much smaller than 
the wavelength of the light being scattered (dLcO.1) is negligible. For particles much larger than 
the wavelength (d/h>lO), the effective cross section tends toward twice the actual cross section. 
For particles near the wavelength, complex electrical interaction between light waves and 
particles accentuates scattering, increasing it to about 4 times the particle cross section for 
particles near d/h = 2 (a process known as Mie scattering). 

Expanding to all wavelengths of visible light, scattering efficiency is near zero for particles less 
than -05 pm diameter, less than 1 m2/cm3 for particles near 0.1 pm diameter, rises to a peak at 
about IO m2/cm3 in the range .4 to .7 pm diameter, then falls to less than 1 m2/cm3 for particles 
greater than 2 pm diameter and continues to decrease as the inverse of diameter for larger 
particles (Friedlander, 1977). Applying these physical characteristics to observed ambient 
aerosol size distributions, Friedlander (1977) calculated that light scattering is dominated by the 
population of particles between 0.2 and 2 pm diameter (Figure 8.1). 

Absorption by aerosols, Bap, is essentially a function of particle composition and total aerosol 
surface area. The strongest and most common absorbing aerosols are composed of nearly pure 
carbon (“elemental carbon”, U EC”, or “soot”); some soil materials also absorb some visible light 
(especially iron oxides), but with only a fraction of the efficiency of carbonaceous aerosols. 
Aerosols composed of a mixture of EC and other materials exhibit intermediate absorption 
efficiencies, roughly proportional to their EC content. Absorption is moderately sensitive to 
particle size. Very small particles (d/Leo.?) don’t interact efficiently with light waves. For 
particles with dW0.3, absorption is roughly linear to total particle surface area, with the 
influence of particle size driven by the geometric decrease in surface area/volume ratio as size 
increases (m2/cm3 cc dZ3). 
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Figure 8.la Monochromatic single particle scattering (Mie scattering; Friedlander, 1977). 

B scat 

Figure 8.lb Particle light scattering vs. size in a typical urban aerosol (Friedlander, 
1977). 
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82.3 PM10 and Extinction 

Uniting the foregoing theoretical discussion and the discussion of PM composition in an earlier 
chapter (Chapter 3), it is evident that the smaller particles within PMlO (i.e., those below 2.5 plm 
diameter) play the dominant role in light extinction. Analysis of detailed aerosol data from over 
5000 samples taken at 36 undeveloped rural sites across the Unjted States (Sisler, et al., ?993). 
indicates that fine aerosols (PM2.5) exhibit 2 to 20 times more extinction efficiency per unit 
mass than do coarse particles (Le., between 2.5 and 10 pm diameter), depending on chemical 
composition and relative humidity. For remote rural sites in California, their data (Sisler, et al., 
1993) show. that average coarse material light extinction is consistently less than 30 percent of 
the total. In urban areas, where fine material is more abundant, the coarse particle contribution 
to extinction is frequently even smaller. 

8.2.4 Visibility 

“Vision” is a psychophysical process involving light focusing and perception by the eye and 
image formation and interpretation by the brain. The process is subject to basic physiological 
limitations such as light sensitivity, spatiai resolution, and color differentiation. Psychological 
processes control the brain’s conversion of optic nerve signals into the perceptual components 
of vision, such as image formation, object recognition, and esthetic appreciation. Visual acuity 
varies among individuals due to interacting factors of physical and perceptual capabilities and 
acquired skill due to training and experience [this discussion is necessarily simplified, the reader 
is referred to Middleton ‘(1952), ARB (1989), and Malm (199911. 

“Visibility” refers to the perceptibility of a distant target or scene. Variation of illumination, 
contrast, color, spatial frequency (target size and detail), background, foreground, etc., and the 
psychophysical variations among potential viewers combine to make “visibility” a very subjective 
concept. Managing visibility requires developing policy tools (such as air quality standards) that 
link physical qualities of the atmosphere to the subjective human experience of haze (ARB, 
1989). This requires accepting a fundamental abstraction: regulating and managing the optical 
density of the air is a reasonable substitute for regulating the quality of human visual experience 
(ARB, 1989). 

8.2.5 Measuring Visibility 

8.2.5.1 Visual Ranqe 

In order to characterize atmospheric turbidity consistently and repeatably, measurements need 
to be standardized. “Visual Range” (V,), in the parlance of meteorology or air pollution, is an 
operationally defined observation: the greatest distance at which a large black object can be 
distinguished from the background sky around a majority of the horizon circle. This method 
reduces the variation among definitions of “visibility,” but imposes other strict limitations by 
requiring sites with clear views of the horizon in all directions and dark objects to view at varying 
distances in all directions. Moreover, it does not address differences among viewers. 
Nonetheless, visual range data are the best source of historical visibility information (Trijonis, 
1980). 

Visual Range data from many stations are significantly biased by Pack of appropriate viewing 
targets. Historically, most Visual Range data have been recorded as part of routine weather 
observations at airports. Since low visibility impairs airport operations, “Airport Visibility” records 
are often biased toward reporting low visibility events, while moderate and good visibility are 
frequently grouped together as “greater than 10 miles” or “greater than 30 miles” (Trijon’is, 
1980). As weather observations have been increasingly automated, “‘Meteorological Visibility” 
(Visual Range) observations at many locations have been replaced with instruments calibrated 
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to replicate human observations; unfortunately, these instrumental records also replicate the 
bias toward measuring low visibility. 

Visual Range from airport observations can be related to extinction if appropriate assumptions 
are applied. Human perception is much more sensitive to contrast than absolute light intensity 
(Middleton, 1952) so Visual Range can be restated as the distance at which a dark target 
(inherent co n rast with the background sky z 100%) is barely discernable to a human observer t 
rliminal contrast” threshold for detection g 5% (Trijonis, 1980)]. The fundamental radiation 
transfer equation (eq. 1) applies for contrast as well as for intensity, so, substituting contrast for 
intensity in eq. 1 gives: 

c, = co e -Be*‘d (8. 3) 

where Co is the scene contrast at the target and C, is the apparent scene contrast at the 
viewer’s location. 

Algebraically transforming eq. 3 to relate distance (d, or in this case, V,) to extinction (6,) and 
using the contrast assumptions above and units of Mm-’ gives: 

V, = 2996 / Beti (8.4) 

where V, is in km, 

or 

V,= 1857/B,* 

where V, is in miles. 

The relationship in eq. 4 is generally known as the Koschmieder equation (Middleton, 1952). 

Correcting for the limitations of airport data, Trijonis (1980) compiled a statewide assessment of 
visibility in California. Although there have been some reductions in aerosol loading in parts of 
the state, the general patterns he found still exist. No more recent statewide review exists. 
Figure 8.2 shows, Trijonis’ map of average visual range in California. 

8.2.5.2 Instrumental Measurements 

Since meteorological records are imperfect sources of visibility data, both Federal and California 
visibility monitoring programs use specialized monitoring methods designed to characterize 
“visual air quality” in a manner compatible with routine air quality management programs. 

By measuring the physical property of “extinction” or its components (scattering and absorption) 
instrumentally, the “human factor” is eliminated altogether. Extinction can be related to 
measured aerosol characteristics (mass, size, chemical composition, etc.) both empirically (e.g., 
through regression analyses) and by calculating extinction “from first principles” using detailed 
knowledge of aerosol characteristics. These approaches allow management of visual air quality 
through the same types of measurement, modeling, and control programs that are used for 
other air quality purposes. 

California’s instrumental measurement of extinction, California Method “V”, consists of side-by- 
side measurements of light scattering using a nephelometer and light absorption on a filter 
(modified from the “Coefficient of Haze” protocol), and supported by measurements of relative 
humidity (RH) (ARB, 1989). This provides direct observation of aerosol optical properties at the 
location of the monitoring site. 
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Figure 8.2 Average Annual Visual Range in California (Trijonis, 1980) 

Determining the causes of the observed extinction depends on additional aerosol monitoring to 
identify the particular aerosol components present when visibility is poor, and then linking them 
to emission sources. Optical data (COH & nephelometer) consistent with Method V are 
available from 15 sites in the state. To date, implementation of full Method V visibility monitoring 
(Le., including RH) has been restricted to a few sites in the South Coast Air Basin and the Lake 
County Air Basin. 

The United States national visibility monitoring is done by the Interagency Monitoring of 
Protected Visual Environments (IMPROVE) program (Sisler, et al., 1993). The primary 
IMPROVE protocol consists of size-selective aerosol collection (total PM10 mass and PM25 
mass and elemental analysis) supported by a long-path transmissometer to measure total 
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extinction over a fixed sight path near the monitoring site. Measurements of light absorption are 
taken from the PM2.5 particle filters; subtracting absorption from total extinction gives a 
measure of scattering. Some IMPROVE sites also employ nephelometers. Because the 
IMPROVE program combines optical and aerosol monitoring, the particular pollutants causing 
low visibility at an IMPROVE site can be assessed directly by analyzing the monitoring data. 
The IMPROVE network in California consists of six sites with records beginning in 1989, and 8 
additional sites added in 2000. 

8.3 Effects: Aesthetic, Economic, and Operational 
Low visibility can result from natural causes (e.g., fog, volcanic eruption, forest fire smoke), from 
purely anthropogenic causes (e.g., industrial smoke, diesel exhaust), from mixtures of natural 
and anthropogenic aerosols (e.g., “agricultural haze” consisting of dust and combustion 
products), or from interactions of natural processes and anthropogenic activities (e.g., nitrate 
haze, smoke from prescribed fires). The fact of low visibility is not, of itself, cause for regulatory 
concern; rather, it is the combination of human cause and adverse effect on human activity that 
drives visibility regulation. While instrumental measurement and source identification can 
quantify the anthropogenic factors in the timing and intensity of poor visual air quality, identifying 
undesirable effects and determining appropriate levels of controls is wholly in the realm of 
policymaking. 

There are three broad categories of effects due to reduced visibility: aesthetic, economic, and 
operational. Aesthetic effects, such as impairment of vistas in national parks, animate the 
present National visibility program. Economic effects, such as reduced tourism or depressed 
real estate values, are largely a secondary impact of aesthetic effects- Finally, operational 
impacts arise when low visibility interferes with “business as .usual” such as airport operations, 
or causes short-term calamity (e.g., chain reaction accidents on freeways). Establishing visual 
air quality goals for each type of impairment involves balancing the effort and cost of control 
against the “value” (social and financial) of expected reductions in the frequency and intensity of 
visual impairment. 

8.3.1 Aesthetic Effects 

Aesthetic effects dominate the visibility regulatory landscape. The Federal visibility protection 
program derives from a tradition of National Park and Wilderness conservation based on 
eliminating all traces of human activity and preserving “pristine nature” in undisturbed enclaves 
- defined in the CAA as “Class I” areas. The FCAA defines the “national goal” as “prevention of 
any future, and the remedying of any existing, impairment of visibility in Class I areas which 
impairment results from manmade air pollution” (42 USC Sect. 169A). 
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Map of 156 National park and VUldemess Areas 
Protected by EPA’s Redonal Haze Rule 

Figure 8.3 Class I Aieas, 

By contrast, California’s State standard for Visibility Reducing Particles follows a pattern derived 
from health-based air quality regulation. California applies a single minimum visibility value 
(maximum extinction level) uniformly across an entire air basin (presently, the statewide 
standard applies in all air basins except Lake Tahoe, where the standard is much more 
stringent). The logic of using a single-value standard is that regulating emissions that cause low 
visibility events will necessarily limit the frequency and severity of all levels of impairment, thus 
regulating the human experience of intense Raze will also reduce the experience of intermediate 
levels of haze (ARB, 1989). The level of the standard represents a policy judgement that 
identifies regionally appropriate visibility goals (hence a more stringent standard for the Lake 
Tahoe air basin than for other areas). 

8.3.2 Economic Effects 

The economic effects of reduced visibility appear in the form of reduced prices for real estate 
(especially “view’ properties), reduced demand for visibility-related recreation, and diffuse 
effects of perceived degraded environmental quality. (Delucchi, et al., 1996; Trijonis et al., 1985, 
Rowe, and Chestnut, ‘i982). Measuring the economic value of visibility (or the cost of 
impairment) involves translating human preference into monetary value - known as “willingness 
to pay” (WTP). 

There are two general approaches to measure WTP. Surveys asking respondents to set a value 
on a change in environmental quality are termed “stated preference” methods. Studies using 
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statistical analysis of differential prices in real markets to infer the actual value of environmental 
amenities are termed “revealed preference’: methods. . 

Loehman et al. (1994) measured the visibility and health risk WTP in the San Francisco Bay 
Area using stated preference data from a 1980 survey. Their methodology established three air 
quality classes (good, fair, poor; equivalent to V>lO mi., lO>V>6 mi., and V,<6 mi.) and 
assigned respondents by residence to 5 sequentially ranked areas based on frequency and 
severity of pollution based on analysis of daily airport visibility data from around the region (we 
estimate equivalent PM10 cutpoint ranges as: V, = IO mi., 45-90 pg/m3; V, = 6 mi., 75-150 pg/m3 
depending on particle chemistry and size distributions). Respondents were asked to state how 
much they would pay per month to move up or to avoid moving down in air quality along the 
zonal scale. They found that overall individual WTP for visibility was about $0.10 per month 
(1980$) for each additional day per year of good air quality. It is interesting to note that this 
study also detected a “risk aversion” response. While visibility valuations were nearly 
symmetrical for improvement or avoidance, avoiding deterioration generally scored higher than 
improving air quality for health. Health based WTP to move up was relatively. flat across all 
potential one-step changes, but WTP to avoid moving down increased with deteriorating air 
quality. 

Trijonis et al. (1985) used the revealed preference method applied through multiple regression 
to analyze the value of visibility for residential real estate in California. Although somewhat 
dated, this study provides considerable insight into the effect of model formulation and variable 
specification on detecting WTP. Using a hybrid regression/principle component approach they 
eliminated the effects of spatial covatiance between community characteristics and visibility, 
then tested various model forms for their explanatory power. Reporting the range of benefits 
calculated by the three best models for each area, .they found, for a ten percent improvement in 
visibility, average home selling price in southern California would increase by 0.7 to 2.1 percent, 
while in the San Francisco Bay area, sales price would rise by 1.4 to 2.5 percent. Integrating 
over regional sales reported for 1978-79 produced economic benefits in the real estate sector of 
$250M to $617M (1979$) per year in southern California; and $190M to $220M (1979$) per 
year for the San Francisco Bay area. The breadth of analyses and use of multiple functional 
forms gives these results strong credibility and it is likely that they span the range of potential 
“true” values for visibility. There are no studies that address the current (2001) real estate 
market in California, but California’s spatial patterns of both real estate values and visibility 
reduction are still much like they were’ in 1980, so it is reasonable to assume that similar 
percentage value increments apply to today’s vastly more valuable real estate stock. 

In the socioeconomic assessment of the Southern California Air Quality Management District’s 
(SCAQMD) 1997 Air Quality Plan (Lieu, 1996), SCAQMD staff constructed estimates of the 
economic value of improved visibility derived from both the revealed and stated preference 
methods- They reported aggregate annual benefits of $109 million in 2000 and nearly $1 .I 
billion in 2010; resulting in average annual benefits over the period 1997-2010 of $473M. 

8.3.2.1 Controllinq Both PM1 0 and Visibilitv Reducinq Particles 

The economic studies and the SCAQMD valuation discussed here were based on either modest 
incremental changes in air quality or assessing the ancillary benefits accompanying attainment 
of the annual 24-hour maximum health-based Federal PM10 standard (150 pg/m3). The 
SCAQMD study assumes that all gains are achieved when the PM10 standard is attained. 
Although unreported in the literature, it is reasonable to expect that there would be additional 
benefits gained in attaining the State PM10 standard (at the time of the SCAQMD study the 
California standard was roughly l/3 the level of the Federal standard) or the State Visibility 
Reducing Particles standard. While the reported data demonstrate that improving visibility has 



substantial economic benefits, it is difficult to interpret these findings in relation to other target 
extinction levels or to extrapolate these findings to other areas of California. A full evaluation of 
the statewide benefits of attaining alternative PM or visibility standards has yet to be done. 

8.3.3 Operational Effects 

Operational impacts of low visibility vary depending on the sensitivity of individual activities to 
visibility impairment. 

8.3.3.1 Roadwavs 

Motor vehicle traffic has a low-sensitivity to PM-caused visibility impairment. Highway traffic 
requires “good visibility” for safe vehicle flow, yet traffic is not very sensitive to particulate air 
pollution. Highway visibility is “good” ‘when drivers can clearly see vehicles, objects, or 
intersections far enough ahead to react to traffic conditions and maintain safe distance from 
other vehicles. This generally requires sight distances in the range of tens to hundreds of 
meters (AASHTO, 2001). In dry weather, very high particle concentrations are required to create 
light extinction levels sufficient to impair vehicle traffic (e.g., a V, of 500 m implies fine particle 
concentrations in the range from 1300 to 2500 pg/m”). Such high particle concentrations are 
generally due to short term focal sources such as excavation dust, fires, or “dust devils” - 
events typically not detected by routine monitoring and thus must be regulated by nuisance 
rules, rather than through air quality standards. 

8.3.3.2 Airports 

Airport operations, like road traffic, require “good” visibility, but the higher speeds and greater 
distances involved translate into greater sensitivity to particulate extinction. Ground operation 
minima are very short - comparable to those for highways IFAA requires airports to ,begin “law 

. . e. 
vlstbrllty operation6” when visual range is less than 1200 ft. (0.74 km) (FAA, !996)]. iSafe flight 
operations require that pilots have the ability to see an airfield well enough to land, to avoid 
land-based obstacles or other aircraft, and to generally operate safely under Visual Flight Rules 
(VFR); for this the FAA has established minimum visibility (V,) for unrestricted operations at 3 
miles (5.1 km) (FAA, 1996). This translates to PM10 concentrations ranging from 130 to 250 
pg/m3, depending on aerosol conditions. 

8.3.3.3 Aircraft Fliqht Testinq 

California is home to the two most heavily used flight test facilities in the United States. Air 
space over the eastern Sierra and the western Mojave desert is reserved for the joint use of Air 
Force, NASA, and Army testing operations based at Edwards Air Force Base in Antelope Valley 
and Navy test operations based at China Lake in Indian Wells Valley. These facilities were sited 
in this region because of their year-round flying weather, excellent visibility, and proximity to 
California’s aerospace industry. Activities at these facilities directly employ over 10,000 people 
and are the mainstay of the western Mojave regional economy. Unlike typical aviation, these 
facilities are extremely sensitive to reduced visibility because they employ optical tracking and 
recording of flight tests using powerful ground-based telescopic movie and video systems. 
Tracking each test from multiple sites, engineers are able to reconstruct flight dynamics of test 
or target aircraft, guided missiles, parachutes, or other test objects independent of onboard 
instrumentation (in some tests, onboard instrumentation is impossible, and the optical tracking is 
the sole flight record). To accomplish these tests, cameras must be abie to track small objects in 
the sky from distances up to 20 miles (32 km) (VanCuren, 1982). In order to evaluate the threat 
to these operations due to air pollution, the Department of Defense (DOD) conducted the 
Research on Operations Limiting Visual Extinction (RESOLVE) project, an intensive visibility 
assessment in the region in the late 1980s (Trijonis, et al., 1988). While the DOD has not 
established absolute minimum visibility requirements for its operations, the RESOLVE study 
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identified anthropogenic pollutants as episodically contributing to reduced operational capability, 
and DOD adopted a policy of working. with local, State and Federal. air quality regulators to 
prevent further degradation in the study area. Conditions deemed adverse ‘in the RESOLVE. 
context are associated with V, below about 80 km (48 mi), or PM25 on the order of IO pg/m3 or 
greater. 

8.3.4 Visibility Regulation 

8.3.4.1 Federal Reqional Haze Proqram 

The FCAA defines a “national goal” of the “prevention of any future, and the remedying of any 
existing, impairment of visibility in Class I areas which impairment results from manmade air 
pollution” (42 USC Sect. 169A). The program has two parts, one addressing the impacts of 
individual large air pollution sources (“Reasonably Attributable Impairment”- RAI) and the other 
addressing the cumulative effects of all sources (“Regional Haze”). 

The RAI program [40 CFR section 51.301(s)] is based on studying the direct aerosol impacts 
(termed “plume blight”) of large pollution sources or small groups of sources such as smelters or 
power plants, and requiring controls on new sources or retrofits on existing sources to reduce 
their impacts below the threshold of perceptibility. The best-known example of RAI is the case of 
the Navajo Generating Station at Page, AZ, which was ordered to install additional emission 
controls after it was found to impact Grand Canyon National Park. No such RAI pairing of a 
large source and a Class I area has been identified in California. 

The Regional Haze program (EPA, 1999) is intended to address the cumulative, diffuse effects 
of all air pollution sources in a region- Regional Haze involves virtually all sources distributed 
over a large area (a state or multiple states) and effects on one or many Class I areas. The 
Regional Haze program does not establish a single visual air quality goal; rather it requires that 
each State must determine, on a case-by-case basis, “natural conditions” at each Class I area 
within its boundaries. “Natural” conditions must be represented as a range of visual air quality, 
and the national goal is interpreted as requiring that emissions be controlled to bring ambient 
conditions for the best 20% of days to approximate the best 20% of “natural” conditions, and 
that the worst 20% of days be indistinguishable from the worst 20% of “natural” conditions. The 
156 Class I areas in the United States are mapped in Figure 8.3. 

California’s responsibilities under the Regional Haze rules cover 29 in-State Class I areas, and 
an as yet undefined number of Class I sites in neighboring states. 

Current visibility conditions at Class I areas in California range from near-pristine conditions at 
Redwood and Lassen Volcanic National Parks to substantially degraded at Sequoia National 
Park and San Gorgonio Wilderness. Although specific goals have not yet been set for California 
Class I areas, the likeiy range of such goals can be inferred from data for the cleaner IMPROVE 
sites. PM1 0 at Redwood National Park (a “clean” low altitude coastal site) has a long-term mean 
around 12 pg/m3 and rarely exceeds -30 pg/m3. At Lassen Volcanic National Park (a “clean” 
montane site) long-term mean PM10 is below IO pg/m3 and rarely exceeds 20 pg/m3. 

8.3.4.2 California AAQS for Visibility Reducinq Particles 

The California State Ambient Air Quality Standard for Visibility Reducing Particles (VRP) 
represents a policy judgement that a certain minimum degree of visibility is conducive to public 
welfare, regardless of location. This policy is manifested as a Statewide minimum dry air particle 
extinction limit of 0.23/km (230 Mm-‘) averaged from 9 AM to 5 PM (PST) when Relative 
Humidity (RH) is less than 70 percent. This is roughly equivalent to V, = 10 miles. The standard 
is O.O7/km (70 Mm-‘) for the Lake Tahoe Air Basin (roughly equivalent to V, = 30 miles). 
Equivalent PM10 concentrations when this standard is just met range from about 50 pg/m3 for a 

8-12 



fine particle dominated urban setting (e.g., Sacramento ,in winter) to 90 or more pg/lm3 for a 
mixture of coarse and fine particles (e;g.,. Cehtral Valley summer). T.he Lake Tahoe VRP limit 
equates to PM1 0 concentrations ranging from about 16 to 25 pg/m3’ over a similar range of 
aerosol characteristics. 

State law permits the Board to adopt other standards for any Air Basin, although to date only 
Bake Tahoe has been singled out for additional protection. 

8.4 Climate 
Anthropogenic effects on climate have become very important international scientific and 
political issues. Understanding the scale of these effects, their causes, and anticipated harm, 
and identifying potential corrective actions are the subjects of major research programs. 
Beginning in the late 1980’s, the World Meteorological Organization (WMO) and United Nations 
Environment Program (UNEP) have jointly sponsored the Intergovernmental Panel on Climate 
Change (IPCC), which has become the major international clearinghouse for assessing climate 
change (IPCC, 2001 b) (the brief discussion presented here is largely based on the IPCC 2001 
reports.) The initial focus of concern, both scientifically and for managing climate, was on so- 
called Green House Gases (GHGs) - COZ, CH4, etc. - but research over the last two decades 
has demonstrated that particles, too, have the potential to significantly alter climate processes. 

Particles impact climate directly by modifying Earth’s radiation balance thr0ug.h their interaction 
with both long wave (infrared) and short wave (visible) light, and indirectly by their role as 
condensation nuclei in cloud formation. This effect is termed “radiative forcing.” Depending on 
chemistry, timing, and location, particles may either heat or cool the atmosphere. 

Positive radiative forcing warms Earth’s surface and lower atmosphere. Negative radiative 
forcing cootsthem. Natural.factors, such as changes in.solar output, expiosiye volcanic activity, 
snow, or cloud cover can also have radiative forcing effects. The planetary radiation balance is 
the net sum of all positive and negative forcing occurring together. Thus an effect such as 
climate warming by positive infrared forcing due to increasing CO2 concentrations may be offset 
by negative forcing due to visible light scattering by “white” aerosols (e.g., sulfates) or enhanced 
by warming due to infrared and visible light absorption by “black” aerosols (“soot”). 

Determining the impact of anthropogenic PM emissions on climate requires properly accounting 
, for all radiative forcing, natural and manmade, then determining the shift in net radiation that 

would occur if the anthropogenic component were removed, and finally calculating the change 
in climate that would result from that shift in radiation. While this is simple in concept, it is very 
difficult to implement because: 

l We do not have a good inventory of all the aerosols in Earth’s atmosphere. 

l We do not know with certainty how much aerosol in Earth’s atmosphere is due to 
anthropogenic activity. 

e We do not know global PM emission and ambient aerosol distribution patterns with sufficient 
temporal and spatial resolution. 

0 We do not know how to partition secondary aerosol effects, such as cloud formation, 
between natural and anthropogenic condensation nuclei. 

e We do not know how what co-effects would accrue to global-scale PM emission controls 
(CO* reduction, altered surface albedo, etc.). 

a We do not have climate models with sufficient precision to reliably perform the climate effect 
calculation. 
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Figure 8.4 shows the relative positive or negative radiative forcing from various components of 
the climate system, with an assessment of.the degree of certainty of climate knowledge in each 
area noted along the bottom of the figure. The major aerosol classes are briefly reviewed below. 

The global mean radiative forcing of the climate system 
for the year 2000, relative to 1750 

3 
I. - I 

Halocarbons 

- w Aerosols 

ozone 

High Medium Medium Low Very Very Very Very Very Very Very Very 
Low Low Low LOW Low Low Low Low 

Level of Scientific Understanding 

Figure 8.4 Summary of intensity and degree of scientific certainty of climate forcing by 
anthropogenic pollutants; note that aerosols’ effects are both significant and highly 
uncertain (IPCC, 2001a). 

8.4.1 Sulfate 

The vast majority of sulfate aerosols are formed by the oxidation of gaseous sulfur compounds 
into sulfuric acid, which then combines with a metallic or alkaline ion to form a stable salt 
(Na2S04, Mg,S04, (NH&S04, etc.). Sulfate aerosols mostly form in heterogeneous (gas, 
droplet, and particle) atmospheric conversion, which tends to concentrate sulfate in fine 
aerosols (<2:m diameter). When both humidity and sulfuric acid concentrations are high and 
sufficient neutralizing ions are not present, a liquid phase sulfuric acid aerosol can form. 

Due to the hygroscopic nature of both sulfuric acid and sulfate salts, sulfate aerosols are prone 
to grow by accumulation of water, so that their effective optical cross section is enhanced far 
beyond the actual sulfate mass. Since sulfate aerosols are very efficient at scattering light, their 
impact on Earth’s radiation balance is predominantly negative forcing due to backscatter of 
incoming solar radiation; this effect may be enhanced if their hygroscopicity contributes to 
increased daytime clouds or fog, or may be somewhat offset if they increase the presence of 
nighttime clouds or fog. The importance of pollutant sulfate in climate was only fully appreciated 
in the last decade; inclusion of sulfate cooling helped to significantly reduce the gap between 
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climate change predicted based on GHG calculations and observed secular temperature 
records (Charleson; et ‘al., 1992). Future reductions in ‘global pollutant. sulfur emissions 
(necessary to manage impacts on public health and prevent “acid rain”) may accelerate climate 
warming as the artificial cooling effect of sulfate is removed (PPCC, 2001). 

The precursor sulfur compounds come from both natural and anthropogenic sources, 

8.4.1 .l Natural Sulfate 

Globally, most natural sulfate comes from biogenic production (primarily in the oceans), with 
volcanic emissions contributing modestly (e.g., hot springs and fumaroles) on a continuing 
basis, and’ occasionally very intensely (large eruptions). As a result, natural sulfate 
concentrations are somewhat higher over the oceans and lower over the continents. This tends 
to focus sulfate effects, suppressing solar input to the oceans (lowering heating and 
evaporation) while minimally altering radiation balance over continents. Large volcanic eruptions 
have been observed to cool the globe for months or years, an effect believed to be largely due 
to sulfate. Natural sulfate levels in the atmosphere have been estimated from observations and 
calculation of emissions, and their climatic effect estimated as well (Twomey, 1974; Twomey, 
1977; Charleson, 1987). 

8.4.1.2 Anthropoqenic Sulfate 

Anthropogenic sulfate is generated through the. same pathways, but the precursor gases 
generally come from sulfur bound in fuels used in combustion processes (predominantly coal 
and petroleum). The potential effects of anthropogenic sulfate are strongest near industrialized 
regions where large amounts of fossil fuels are burned, thus the cooling effect is strongest over 
eastern North America, Europe, eastern Asia, and the oceanic and continental areas downwind 
of these. regions (Charleson, 1992; IPCC, 2001 a). 

8.4.2 Nitrate 

Nitrate aerosols form analogously to sulfate, and have similar optical properties. They are 
distinct from sulfate, however, in that nitrate salts are unstable and can return to the vapor 
phase when humidity drops or the surrounding air’s concentration of precursor gases drops. 
The dynamics of nitrate aerosol formation and disappearance limit the scope of nitrate impacts 
on global climate processes. 

Nitrates may play an important role on a local or regional basis, especially if their effect is 
amplified by contributing to changing fog frequency or persistence. Nitrates may be important in 
some regions as a damper on total aerosol reductions from sulfur control: sulfuric acid has a 
greater affinity for ammonia than does nitric acid, thus, in a region rich in both SOx and NOx, 
reducing sulfur emissions may not reduce total aerosol concentrations as nitrate replaces 
sulfate under humid conditions. 

8.4.3 Carbon 

Carbonaceous aerosols primarily come from incomplete combustion of fuels, consisting of pure 
unburned “elemental” carbon (“soot”), partially oxidized organic compounds, and some 
associated inorganic material (“ash”). In addition, some organic aerosols are produced by gas- 
phase oxidation of organic vapors - referred to as “secondary” organic aerosol. Carbonaceous 
aerosois can exhibit highly varied optical efiects depending on particle size and chemistry. 
Major global sources of carbonaceous aerosols are biomass burning (wild fires, vegetation 
clearing, agriculture, and wood and charcoal used as domestic fuels), industrial and utility 
boilers, and motor vehicles. Global data 631-1 total carbonaceous aerosol emissions are highly 
uncertain, due primarily to the difficulty of accounting for biomass burning. Moreover, even when 
current biomass emissions are known, the task will remain to isolate the role of humans in both 
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the amount of burning we initiate and the changes in global biomass fuel patterns wrought by 
human alteration of the landscape. . 

Since carbonaceous aerosol emissions are closely linked with CO2 emissions, properly 
calculating the aerosol effects alone may be misleading, since any effort to modify these 
emissions will undoubtedly be linked with significant changes in CO2 emissions as well. Overall, 
the effect of carbonaceous aerosol is thought to be positive forcing, but the size of the effect and 
its regional distribution are highly uncertain. 

8.4.3.1 Elemental Carbon 

Elemental carbon (EC) aerosols strongly absorb light at all wavelengths, as well as scattering 
light in wavelengths near the size of the particles. EC’s broad-spectrum light absorption gives it 
a strong potential for positive radiative forcing since it directly absorbs incoming sunlight, turning 
it into heat in the air containing the aerosol. 

EC is produced in almost all combustion processes. The EC fraction of carbonaceous emissions 
is small in well-controlled fossil fuel combustion, with the notable exceptions of uncontrolled 
diesel engines, older jet engines, and open burning of oil-based fuels (e.g., burning 
contaminated waste fuel). 

Biomass EC is highly uncertain, in part due to the lack of data on burning activity, and to the fact 
that the EC fraction is variable depending on fuel moisture and plant species. However, 
measurements have shown EC to be only about ten percent of biomass aerosol, suggesting 
that its effects would be overwhelmed by those of the OC and ash content. 

8.4.3.2 Orqanic Carbon 

Organic carbon (OC) aerosols generally exhibit a strong wavelength bias in absorption, weak in 
visible wavelengths and peaking in the ultraviolet. Since the peak of solar energy input is in the 
visible wavelengths, scattering of visible light has a greater effect on energy balance than UV 
absorption, thus OC aerosols’ climate effects are believed to be weak negative forcing. OC 
aerosols are often part of a complex mixture (“smoke”), including OC, ash, and water. Because 
the inorganic fraction of smoke aerosols are generally weak absorbers at all wavelengths, and 
the entire mass is capable of scattering light, “smoke” aerosols are considered to show weak 
negative radiative forcing. 

8.4.4 Mineral Dust ’ 

“Mineral dust” is generally derived from soil surfaces, either as a result of natural or 
anthropogenic causes. Since only particles with relatively long atmospheric lifetimes contribute 
significantly to global aerosol loading, mineral dust at the global scale is quite different from the 
dust air pollution regulators commonly encounter close to a source. Near-source mineral dust is 
composed of a variety of crystalline materials, including sand, fine rock fragments (“silt”), and 
clay particles. Sand and silt materials such as silica have high specific densities and generally 
fracture into compact shapes, thus coarse mineral particles (%prn diameter) settle rapidly and 
have very short atmospheric lifetimes. Conversely, clays, having sheet crystal structures and 
much smaller particle dimensions, have very large surface to mass ratios and very small settling 
velocities. Global “background” mineral aerosol is thus finer (mass median diameter near 2pm) 
and often chemically distinct from most local-source mineral PM. 

The optical properties of global mineral aerosols are not well known, nor are their global 
distributions. Mineral dust may cause either positive or negative radiative forcing, depending on 
chemistry (fraction of light absorbing minerals) and size (fines scatter more efficiently) (Tegen 8 
Lacis, 1996; Alpert, et al., 1998). Seasonal@ of dust emission may also play a role in 
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determining net climate effect by altering the albedo of snow and ice or by positive or negative 
feedbacks with seasbnal temperature cycles. 

Mineral dust emissions are moderated by soil condition, plant cover, wind speed, soil wetness, 
and other factors. Human disturbance of soil can greatly increase dust emissions, both directly 
(tillage) and indirectly (overgrazing, ground water withdrawal, etc.) (Tegen et al., 1996). The 
fraction of global dust that is due to current human activity is highly uncertain. As with the 
biomass problem, determining a “natural” (no human effects) baseline will require unraveling the 
history of human land use and vegetation change as well as compiling emission inventones. 

8.5 Vegetation and Materials Damage 
The chemical diversity of particulate matter in the air gives is the potential to have a wide range 
of interactions with surfaces or water bodies on which it deposits. The most significant of these 
depositional effects involve the acid ions (primarily sulfuric and nitric) within the aerosol. Acid 
deposition occurs when aerosols or precursor gases deposit on leaves, soil, water, buildings, or 
other surfaces. Other components of PM also have deleterious effects, primarily in the form of 
soiling, and, in the cases of certain localities or particularly sensitive “receptors,” damaging 
effects ranging from crop damage to deterioration of water quality. 

8.5.1 Acid Deposition Programs 

Nitrogen-containing gases and particles are the greatest source of airborne acidity inCalifornia. 
This is in sharp contrast to the eastern United States (U.S.), where precipitation chemistry is 
dominated by sulfur-containing acids. Nitrogen-containing acids are responsible for a major 
portion of acidity in precipitation, fogs and clouds, dry deposited gases, and particles within the 
state. Although annual precipitation acidity is ten-fold lower in California than in the eastern 
U.S., summehime concentrations Andy depositin of nitric acid vapor and particle’nitrate are 
among the highest in the nation. While acute, short-term effects on human health and welfare 
(i.e., agricultural crops and man-made materials) were determined to be minor, long-term effects 
on human health, as well as aquatic and forest ecosystems, remain poorly known. 

In 1980, the National Acid Precipitation Assessment Program (NAPAP) was established to 
investigate the causes and effects of acidic deposition in the U.S. While the cause of acidic 
precipitation is largely due to the dissolution of sulfur and nitrogen oxides in rain, the impacts of 
sulfur-derived acids were of prtncipa! concern in the eastern U.S., and the effects of nitrogen- 
derived acids were of primary interest in the western U.S. In consideration of the nitrogen- 
dominated rain chemistry of California, and the potential for distinct health and welfare effects 
from the eastern U.S., two five-year programs of monitoring and research were enacted by the 
California Legislature: the Kapiloff Acid Deposition Program (KADP) and the Atmospheric 
Acidity Protection Program (AAPP). Concentrations of acidic air pollutants in precipitation, fog, 
and dry-deposited particles and gases were measured in support of the KADP and AAPP by the 
Air Resources Board’s (ARB) California Acid Deposition Monitoring Program (CADMP). Analyte 
levels in rain/snow and dry deposition have been reported in data summaries (Takemoto et al., 
1996), final reports (Watson et al., 1991; Blanchard and Michaels, 1994), and the open literature 
(Blanchard and Tonnessen, 1993; Melack and Sickman, 1997). The major findings from the 
KADP and AAPP have also been documented in final reports, Annual Reports to the Governor 
and the Legislature (ARB, 1983-1986; 1988; 1991-I 994a), a technical assessment (ARB, 1989) 
and the open literature (e.g., Takemoto et al., 1995). 
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8.52 Deposition 

8.521 Acidity 

Across the state the deposition of N-derived acidic gases and particles provides most of the 
atmospheric acidity and N to urban landscapes, and to mid-elevation forests in southern 
California. Blanchard et al. (1996) used precipitation chemistry data from the CADMP, the 
National Atmospheric Deposition Program/National Trends Network (NADP/NTN), and an alpine 
precipitation sampling network in the Sierra Nevada Mountains to estimate regional-scale rates 
of wet-deposited nitrate, sulfate, ammonium, calcium, and H’ from 1985 through 1994 (Figure 
8.5). Rates of wet sulfate, nitrate, and ammonium deposition were found to be ~4, ~3, and ~4 kg 
S or N/ha/yr in at all sites, respectively (Blanchard et al., 1996). In comparison, rates of wet 
sulfate and nitrate deposition in eastern North America exceed 8.3 and 3.4 kg S or N/ha/yr, 
respectively, and deposition rates of ammonium are ~3.1 kg N/ha/yr (Sisterson, 1991). In most 
years, wet nitrate deposition was estimated to be greater in urban areas of the South Coast Air 
Basin (SoCAB) and the southern Sierra Nevada, than in other parts of California. Along the 
northwest coast where wet sulfate deposition is highest, much of the sulfate is derived from sea 
salt. Uncertainties in the wet deposition estimates are #20 percent in the SoCAB, which has a 
large number of monitors, but are two to three fold higher in other parts of the state. 

Comparisons of estimated NO, emission and total N deposition rates (wet and dry) show that 
the deposition of oxidized N in the SoCAB accounts for 16-37 percent of the NO, emitted in the 
Basin (Figure 8.6; Blan.chard et al., 1996). The total N deposition at Fremont was about 11 
percent of the NO, emission rate in San Francisco Bay Area. Total N deposition rates at 
Bakersfield and Sacramento are about 76 and 32 percent of the NO, emission rates in Kern and 
Sacramento County, respectively. Transport of NO, from upwind areas could account in part for 
the relatively large deposition-to-emissions ratio at Bakersfield (Tracer Technologies, 1992). 

8’52.2 Particulate Matter Concentrations 

The CADMP dry deposition monitoring program was established in 1988 to determine spatial 
and temporal patterns of acidic pollutant concentrations in the state. Daytime and nighttime dry 
particle and gas concentrations were measured once every six days (Watson et al., 1991). 
initially, the network consisted of ten sites located in Azusa, Bakersfield, Fremont, Gasquet, 
Long Beach, Los Angeles, Sacramento, Santa Barbara, Sequoia National Park, and Yosemite 
National Park. Over the years, data analyses indicated that acidic pollutants were a moderate- 
to-minor problem in California, and the number of monitoring sites was reduced, as well as the 
frequency and range of pollutants sampled. In September 1995, the CADMP dry deposition 
network was reduced to five sites (Azusa, Bakersfield, Long Beach, Los Angeles, and 
Sacramento) in urban areas. Also, instead of collecting daytime and nighttime samples of PM10 
and PM25 only one 24-hour-average sample of PM25 was collected. 

From 1989-1994, annual-average PM10 and PM2.5 concentrations declined at all ten sites. 
Representative data from five sites are shown in Figures 8.5 and 8.6. Most areas with high 
PM10 levels also have high PM2.5 concentrations. At rural sites (Gasquet, Yosemite, and 
Sequoia National Parks), annual average concentrations of PM2.5 were 4-6 pg/m3. Near to 
Redwood National Park, Gasquet is far removed from most anthropogenic emissions sources, 
and provides an estimate of background ambient PM concentrations in California. On the 
western slope of the Sierra Nevada, Sequoia and Yosemite National Parks receive pollutants 
transported from the San Joaquin Valley by upslope flows. Compared to these rural sites, 
annual-average concentrations of PM2.5 are two to five times greater at urban locations. 
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Figure 8.5 Location of CADMP, NADP/NTN, and Sierra Nevada Alpine Wet Deposition 
Monitoring Sites (Air Resources Board, 1983). 

8.5.2.3 Acid Foq 

Acidic fog has been associated with harmful air pollution episodes (e.g., London, the Meuse 
Valley in Belgium, and Donora, Pennsylvania), and reported to adversely affect materials, crops, 
and forests. From 1982 through 1989, ARB sponsored fog water sampling programs at seven 
sites in California. Fog water collected in the western portion of the SoCAB was found to be 
highly acidic, with pH values ranging from 1.7 to 4 (e.g., Jacob et al., 1985). Fog water collected 
at non-urban, coastal sites was less acidic (i.e., pH ranged from 3 to 7) due, in part, to the low 
alkalinity of marine atmospheres. In the eastern part of the SoCAB and the southern San 
Joaquin Valley, fogs were generally not as acidic due to high levels of acid-neutralizing 
ammonia 
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Figure 8.6 Rates of Oxidized N Emissions, and Wet and Dry N Deposition at Urban 
CADMP Sites (cf. Blanchard et al., 1996). 

As in rain, the main contributors to fog acidity are nitric and sulfuric acid. Across the state, the 
nitrate-to-sulfate ratios in fog are typically about 3:1, but local emissions influence measured 
concentration ratios. For example, the 3:l ratio typifies areas where motor vehicle emissions of 
NO, dominate (e.g., Los Angeles), but may be close to I:1 at sites in the southern San Joaquin 
Valley where sulfur emissions from oil production are significant. Concentrations of ammonium, 
nitrate, and sulfate ions are commonly loo-times higher in fog than in rain. High concentrations 
of chemical components in fog correlated well with the occurrence of photochemical smog 
events, as well as the physical processes of condensation and evaporation. 

8.5.3 Effects 

In this section the major findings from six research programs sponsored under the KADP and 
AAPP are summarized. These studies examined the atmospheric processes associated with 
acid deposition and its effects on human health, aquatic ecosystems, forest ecosystems, 
agricultural crops, and man-made materials. Statewide networks to monitor pollutant 
concentrations in wet and dry deposition were established to measure conditions in both urban 
and rural areas. 

853.1 Aquatic Environments 

Changes in surface water chemistry and precipitation chemistry may cause ecosystem-level 
alterations in the high elevation watersheds of the Sierra Nevada. Chronic acidification of high 
elevation surface waters in the Sierra Nevada has not been found, but episodic depressions in 
acid neutralizing capacity do occur. While no large-scale or widespread adverse ecological 
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impacts have been detected, many high elevation aquatic ecosystems are nitrogen-limited and 
potentially at risk from current levels of atmospheric nitrogen deposition (Melack and Sickman, 
1997). 

Currently, surface waters in the Sierra Nevada are not acidic enough to threaten the juvenile or 
adult stages of Sierra Nevada amphibians or fish. Of the five species of trout found at high 
elevation in the Sierra Nevada, three species spawn in the spring (rainbow, golden, and 
cutthroat), and two spawn in the fall (brown and brook). As a result they are differentially at risk 
from episodic acidification (Jenkins et al., q994). In spring, the fertilized eggs of spring-spawning 
trout are at risk from snowmelt water, which is considerably more acidic than pre-melt surface 
water. 

Episodic acidification of streams due to snowmelt or summer rains may decrease populations of 
some species of stream invertebrates. Vulnerable species identified in work done at Emerald 
Lake include the nymphs of may-flies and chironomid fly larvae (Hopkins et al., 1989; Kratz et 
al., 1994). When pH is lowered to 5.0 or below, for as little as eight hours, drift rates of 
vulnerable species increase, and much of the increased drift is due to mortality (i.e., drifting 
insects are killed by low pH). 

Using the 1985 USEPA Western Lakes Survey, it was estimated that none of the 114 lakes 
sampled in the Sierra Nevada had been episodically acidified (ANC < 0) (Leydecker et al., 
j999). These workers predicted that approximately six and ten percent of Sierra lakes would 
become episodically acidified if nitrate and sulfate deposition increases by 50 and 150 percent, 
respectively. No lakes would be chronically acidified in response to the above increases in 
nitrate and sulfate deposition. 

In Lake Tahoe, studies (Jassby, et al, 1994) indicate that phytoplankton growth is not co-limited 
‘by the availability of nitrogen and phosphorus; rather, growth is limited by phosphorus alone, 
due to the deposition of atmospheric nitrogen. Nutrient input to Lake Tahoe, including airborne 
nitrogen and phosphorus, is not only a concern for ecosystem effects, but is believed to be a 
major factor in loss of clarity in the lake. 

8.5.3.2 Forests 

Nitrogen saturation has occurred in forested watersheds in the San Bernardino Mountains, and 
nitrate contamination of groundwater is of near-term concern. In future years, atmospheric 
nitrogen deposition could lead to forest soil nitrogensaturation in other areas such as the San 
Gabriel Mountains and southern Sierra Nevada. Ozone is the primary air pollution stressor of 
forests, and there is the potential for interactive effects with atmospheric nitrogen- 

8.5.3.3 Crops 

The acute effects of acidic fog on crops were of concern in the 1980s following reports of 
adverse S-derived fog and aerosol effects on human health (Graham, 1991). Two studies were 
funded to evaluate effects on winter and summer crops (Olszyk et al., 1987) and two species of 
conifer seedlings (Bytnerowicz et al., 1989). As the most extreme fog exposure, a pH 1.7 fog 
treatment was applied to simulate the pH 1.69 fog measured in Corona Del Mar by Hoffman and 
co-workers at the California Institute of Technology (Jacob et al., 1985). The responses of five 
crops were examined, and four crops exhibited yield reductions following 11 weeks of exposure 
to pH 1.7 fog (Olszyk et al., 1987). The damage to leaves caused by pH 1.7 fog decreased the 
amount of crop leaf area capable of performing photosynthesis. The observed reductions in 
crop yield were largely explained by decreases in whole plant photosynthesis. Similar findings 
were reported for white fir and ponderosa pine seedlings exposed to pH 2.0 fog for six weeks 
(Bytnerowicz et al., 1989). 
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8.5.3.4 Soil Chemistry 

Concern over the effects of acidic deposition on agricultural soils emerged, as a result of findings 
that suggested that excess inputs of N and S could lead to trace element nutrient deficiencies 
(e.g., calcium). In a report by Mutters (1995), the nutrient requirements of selected crops were 
compared against annual inputs from fertilizer and the atmosphere to determine if imbalances 
could develop. Of the three elements examined (N, S, and calcium), there was a limited 
possibility that atmospheric N deposition could contribute to a build-up of nutrients that could 
adversely affect crop productivity. Given the lack of direct acidic deposition impacts on crop 
growth or yield, no additional research is needed. In terms of ARB’s air quaiity goals, current 
farm practices appear to provide adequate protection from the harmful effects of acidic 
deposition. 

8.5.3.5 Man-made Materials 

Studies conducted in both the KADP and AAPP did not identify any significant damage to 
materials due to atmospheric acidity. While laboratory analyses indicate that NO2 and nitric acid 
may damage painted surfaces, aluminum, and nylon fabric (Mansfeld et al., 1988) field studies 
in southern California found corrosion rates to be similar to rates in sites with clean air 
(Mansfeld and Henry, 1993). 
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9. Quantifying. the Adverse Health Effects of 
Particulate Matter 

I 

There have been several recent published efforts to estimate the health benefits associated with 
reducing population exposures to PM. Qstro and Chestnut (1998) generated estimates of the 
health benefits associated with U.S. EPA’s proposed standards for PM25 Kunzli et at. (2000) 
estimated the health effects. attributed to traffic-related PM in three European countries. The 
U.S. EPA has embarked on several significant efforts to quantitatively evaluate the health risks 
associated’ with exposure to ambient PM10 and PM25 For example, the Staff Paper for 
particulate matter (U.S. EPA, 1996) summarized an analysis of health risks associated with 
attainment of alternative standards for PM25 and PMIO. Section 812 of the federal Clean Air 
Act required the U.S. EPA to conduct an analysis of the health benefits of current federal air 
pollution legislation, which resulted in a report to the U.S. Congress (U.S. EPA, 1999). These 
efforts have undergone years of public review and comment as well as full peer review by the 
U.S. EPA’s independent Science Advisory 6oard. We have, therefore, drawn considerably from 
prior efforts at the federal level, particularly in the development of concentration-response 
functions. We have also added California-specific concentration-response functions, whenever 
possible. 

The objectives of this chapter are to quantify the health effects of PM in California andto employ 
the results of this effort to estimate the health benefits that would result from achieving the 
proposed air quality standards. 

9.1 Health Effects Estimation Approach 
Estimating the incidence of adverse health effects of PM involves four elements: 

l Estimates of the changes in PM exposure levels. 

9 Estimates of the number of people exposed to PM at a given location. 

e C-R functions that link changes in PM concentration with changes in the incidence of 
adverse health effects. 

0 Applicability of the C-R functions that are drawn from studies conducted in other parts of the 
country to California. 

Each of these elements is discussed below. 

9.1 .-I Exposure Estimation and Assumptions 

The basic procedure for determining exposures was first adopted by the ARB in 1993 to fulfill 
the requirements of section 39607(f)-of the Health and Safety Code. Full details are provided in 
Guidance for Using Air Quality-Related Indicators in Reporting Progress in Attaining the State 
Ambient Air Quality Standards (September 1993). For this application, the concentrations and 
populations were associated by census tract and merged to assemble a distribution of 
exposures to different concentrations of PM. 

Concentrations of many air pollutants, including PM, change significantly from one location to 
another. PM concentrations may be well under the standard in one location but above the 
standard less than 10 kilometers away. Accordingly, population exposures tend to be more 
accurate when the population data are highly resolved. 

Population counts by census tract are used to determine population exposures to air pollutants. 
In addition, demographic data, such as age distributions, are available for each census tract. A 
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typical census tract contains several thousand people. Densely populated areas have many 
census tracts, while sparsely populated regions have few. 

We estimated PM10 and PM25 concentrations per census tract using air quality.data from 
monitors located at specified distances from the census tract centroid. Air pollutant 
concentrations from a network of air quality monitors are used to determine appropriate values 
at census tracts that lie between the monitors. 

The concentration for a census tract is the weighted average of the concentrations at all 
monitors within a maximum allowed distance. For the present analyses of PM10 and PM2.5, the 
maximum distance was 50 kilometers except for 75 km in the Great Basin Valleys Air Basin. A 
small number of census tract populations were not included in the analyses because they are 
more than 50 km from any PM monitor. The population numbers are affected only slightly by 
different choices for the maximum distance. 

The weight assigned to each monitor is the inverse square of its distance from the census tract. 
In this way, close monitors are more influential than distant ones. Although “boundaries,” such 
as mountain ranges, were not used in the model, local monitors on each side of such 
boundaries dominate the calculated concentrations for census tracts in their respective regions. 

In each air basin, we assumed that the population in a specific concentration bin is exposed to 
the mid-point concentration in that bin. We then estimated the population-weighted PM25 and 
PM1 0 annual arithmetic mean concentration in each air basin. 

9.1.2 Data Used 

Monitoring data for 1998 through 2000 were used from all monitors in the State meeting quality 
.assurance criteria for valid data. Projected census tract data based on 1990 census data were 
used as the 2000 data were not yet available in the census tract format. The census data 
contains the shape, size and centroid of each census tract. 

9.1.3 Exposure Model Results 

Table 9.1 summarizes the re;ults of the statewide assessment. 

9.1.4 Exposed Population by Location 

Health effects are related to the level of PM that individuals are exposed to, Because the-levels 
of PM exposure vary from air basin to air basin, individuals in different air basins do not 
experience the same health effects. Estimating health effects by county is complicated 
somewhat because concentrations were estimated by air basin rather than by county in this 
analysis. The boundaries for air basins and counties are not always the same due to geographic 
characteristics. Therefore, county populations were divided to fit air basin boundaries. 

We estimated the basin county population, i.e., the county population within an air basin, based 
on the county population percentage relative to the air basin population derived from California 
Department of Finance air basin population data and the 2000 census county population. 
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Table 9.-l. Populatitin-Weighted Average Particulk ‘Matter Annual Arithmetic Mean 
Concentration 

Air Basin PM25 @g/m3) PM10 bglm3) 

Great Basin Valleys 8.50 16.71 

Lake County 2.50 10.83 

Lake Tahoe 
I I 

17.50 120.83 

Mountain Counties 16.60 22.96 

Mojave Desert 10.00 21.60 

North Coast 
I , 

17.50 117.54 1 
North Central Coast 

Northeast Plateau 

7.50 24.25 

NA 12.97 

South Coast 22.20 40.67 

South Central Coast 11.80 23.04 

San Diego 15.60 28.80 
I I 

San Francisco Bay Area 115.80 121.67 

San Joaquin Valley 22.30 39.48 

Salton Sea 13.10 76117 

Sacramento Valley 12.30 24.49 

Statewide Averages 18.5 33.11 

9.1.5 Concentration-Response Functions 

Concentration-response (C-R) functions are equations that relate the change in the number of 
adverse health effect incidences in a population to a change in pollutant concentration 
experienced by that population. This section discusses issues that affect health effect estimates 
and outlines epidemiological studies used for the basis of the C-R functions. Many C-R 
functions were used in the U.S. EPA Final Heavy-Duty Engine/Diesel Fuel Rule: Air Quality 
Estimation, Selected Health and Welfare Benefits Methods, and Benefit Analysis Results (U.S. 
EPA, 2000). 

9.151 Basic C-R Function 

Different epidemiological studies have been used to estimate the relationship between PM and 
a particular health endpoint at different locations. They may have different functional forms, PM 
concentrations, health endpoints, and relate to different populations. Some studies have 
assumed that the relationship between a health endpoint and PM is best described by a linear 
form, i.e., the relationship between a health endpoint (Y) and PM is estimated by a linear 
regression in which Y is the dependent variable and PM is one of several independent 
variables. Other studies have assumed that the relationship is best described by a log-linear 
form, i.e., the relationship between the natural logarithm of Y and PM is estimated by a linear 
regression. Most common functions used in this analysis are in log-linear form with a few 
exceptions using logistic regressions. 
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A log linear C-R function is: 

f-M_ 1 j. pop AY = ~0’ (e 

where: 

Ay = changes in the incidence of a health endpoint corresponding to a particular change 
in PM 

y. = baseline incidence rate per person 

B = coefficient 

APM = change in PM concentration 

pop = population of a particular group that a study considered. 

The parameters in the functions differ depending on the study. Some studies of the relationship 
between ambient PM concentrations and mortality excluded accidental deaths from their 
mortality counts; others included all deaths- Some studies considered only members of a 
particular subgroup of the population, e.g., individuals 65 and older, while other studies 
considered the entire population in the study location. When using a C-R function from an 
epidemiological study to estimate changes in the incidence of a health endpoint corresponding 
to a particular change in PM in a location, it is important to use the appropriate value of 
parameters for the C-R function. That is, the measure of PM, the type of population, and the 
characterization of the health endpoint should be the same as or as close as possible to those 
used in the study that estimated the C-R function. 

9.152 Baseline lncidences 

The health effect baseline incidences are the baseline incidence rate in a specific location 
multiplied by the relevant population. In this analysis, California county mortality rates were used 
in the estimation of air pollution-related mortality. Hospital admissions were calculated at the 
state level for a given population age group based on “Patient Discharge Data 1998-1999”, 
California Office of Statewide Health Plannng and Development, December 2000. All counties 
were assumed to have the same incidence rate for a given population age group. For some 
endpoints, such as respiratory symptoms, respiratory illnesses, and restricted activity days, we 
used estimates of baseline incidence rates from the studies reporting the C-R functions for 
those health endpoints because California specific baseline rates are not available. 

9.153 Thresholds 

Different assumptions about whether to apply thresholds, and at what levels, can have a major 
effect on health effects estimates. A very important issue in estimating PM health effects is 
whether it is valid to apply the C-R functions throughout the range of predicted changes in 
ambient concentrations, even changes occurring at levels approaching the natural background 
concentration (without any human activity). 

There is some evidence that, at least for particulate matter, not only is there no threshold, but 
the PM effect coefficient may actually be larger at lower levels of PM and smaller at higher 
levels (Rossi et al., 1999). However, we used the background concentration of PM as a 
threshold for estimating the health effects presented in this analysis. As a result, adverse health 
effects may be underestimated. 

The Point Reyes National Seashore in Northern California is located away from populated areas 
and other significant sources of particulate and particulate precursor emissions. Thus the PM 
concentration at this site may represent an estimate of PM concentrations in the absence of 
anthropogenic emissions. Data obtained from the IMPROVE program for Point Reyes from 



March j996 through February 1999 indicate that annual average concentrations were 
4.55 pg/m3 for PM2.5 and IQ.97 pg/ms for PMIO. In this’ analysis, we applied thresholds of 5 
pg/m3 for PM25 and IO pg/m3 for PM1 0 in all the epidemiological functions except for the iong- 
term mortality functions where we used 9 pug/m3 for PM2.5 and 18 pg/m3 for PM1 O-the lowest 
concentration levels observed in the two long-term mortality studies. We assumed that ali of 
these functions were continuous and differentiable down to threshold levels. 

9.1.5.4 Mortalitv 

Premature mortality may result from either short-term or long-term exposure to pollution 
concentrations. Short-term exposure may result in excess mortality on the same day or within a 
few days of increased exposure. Long-term exposure (over a year or more) may result in 
mortality in excess of what it would be if PM levels were generally lower. Long-term exposure 
may capture a facet of the association between PM and mortality that is not captured by short- 
term exposure. 

Long-term epidemiological studies estimate the association between long-term (chronic) 
exposure to air pollution and the survival of members of a large study population over an 
extended period of time. Such studies examine the health endpoint(s) in relation to the general 
long-term level of the pollutant, for example, relating annual mortality to some measure of 
annual pollutant level. In contrast, short-term studies relate daily levels of the pollutant to daily 
mortality. By their basic design, daily studies can detect acute effects but not the effects of long- 
term exposures. A chronic exposure study design is best able to identify the long-term exposure 
effects, and may detect some of the short-term exposure effects as well. Therefore, a sum of 
estimated effects from both study types would likely result in some degree of double counting of 
the effects. 

The following four studies were used to estimate PM related mortality. 

9.1.5.4.1 Long-term Mortality (Krewski et al., 2000) Based on ACS Cohort 

This stud:# is a re-analysis of the Pope et al. (1995) study of PM2.5 associated mortality, using 
American Cancer Society (ACS) data. It essentially confirms the original findings. An advantage 
of Krewski et al. over Pope et al. is that the reanalysis uses the annual mean PM25 
concentration rather than the annual median. Because the mean is affected more by high PM 
values than by the median, if high PM days are important in causing premature mortality, the 
annual mean may be preferable to the median as a measure of long-term exposure. We used 
this study to derive primary estimates of premature mortality. 

The C-R function to estimate the change in long-term mortality is: 

Q Mortality = - yo’ (ewRAPM- 1) . pop 

where: 

y. = county-level all-cause annual death rate per person ages 30 and older 

j? = PM25 coefficient = 0.0046257, PM1 0 coefficient = 0.00231285 

APM = change in annual mean PM concentration 

pop = population of ages 30 and oider 

Do = standard error of ,& PM2.5 = 0.0012046, PM10 = 0.0006023 

Incidence Rate. To estimate county-specific baseline mortality incidence among individuals 
ages 30 and over, we used data from 1999 annual all cause deaths by age by county (Center 
for Health Statistics, California Department of Health, 1999). 
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Coefficient Estimate (/I). The coefficient (p) for PM25 is estimated from the relative risk (1.12) 
associated with a mean change of 24.5pg!m3 .(Krewski et al.; 2000, Pqt II - Tab1.e 31). 

Recent findings reported by Pope et al. of a new analysis of the American Cancer Society data 
show no association with long-term mortality for coarse particles (PM10 - PM2.5) (Pope et al., 
2002). Based on the assumptions that: (1) only PM25 (fine PM) is associated with long-term 
mortality; (2) the reduction in PM10 will maintain the current proportion of PM2.5 in California; 
(3) and state average fine and coarse PM fraction is about 50-50, the coefficient for PM10 was 
derived by multiplying the PM2.5 coefficient by 0.5. Using this adjusted PM10 coefficient, we 
only calculated long-term mortality effects for the PM2.5 fraction of PM1 0. The standard error for 
PM1 0 was also adjusted accordingly. 

Standard Error (0,). The standard error for PM2.5 was calculated as the average of the 
standard errors implied by the reported lower and upper bounds of the relative risk (Krewski et 
al., 2000, Part II -Table 31). 

9.1.5.4.2 Long-term Mortality (Krewski et al., 2000) Based on Six-City Cohort by Dockety 

Krewski et al., (2000) also reanalyzed the data from another prospective cohort study (the 
Harvard “Six Cities Study”) authored by Dockery et al., (1993). The Dockery et al., study used a 
smaller sample of individuals from fewer cities than the study by Pope et al., (1995); however, it 
features improved exposure estimates, a slightly broader study population (adults aged 25 and 
older), and a follow-up period nearly twice as long as that of Pope et al., We used this study for 
alternative estimates of long-term mortality effects. 

The C-R function is: 

A Mortality = - yo’ (emPAPM- 1) - pop 

where: 

y. = county-level all-cause annual death rate per person ages 25 and older 

/3= PM2.5’co e tcient = 0.013272, PM10 coefficient = 0.006636 ff 

APM = change in annual mean PM concentration 

pop = population of ages 25 and oider 

ofl= standard error off? PM2.5= 0.00407, standard error of fl PMlO= 0.00204 

Incidence Rate. To estimate county-specific baseline mortality incidence among individuals 
ages 25 and over, we used the data from 1999 annual all cause deaths by age by county 
(Center for Health Statistics, California Department of Health, 1999). 

Coefficient Estimate (/3). The coefficient (B) for PM2.5 is estimated from the relative risk (1.28) 
associated with a mean change of 18.6 (Krewski et al., 2000, Part I - Table 19~). The coefficient 
for PM10 was adjusted by multiplying the PM2.5 coefficient by 0.5 so that we only calculate a 
long-term mortality benefit for the PM2.5 fraction of PMIO. The standard error for PM10 was 
also adjusted accordingly. 

Standard Error (aJ- The standard error for PM2.5 was calculated as the average of the 
standard errors implied by the reported lower and upper bounds of the relative risk (Dockery et 
al., 1993, Table 5) 
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9.1.5.4.3 Short-Term Mortality (Schwartz et al., 1996) 

Schwartz et al., (1996) pooled the results from six cities in the U.S. and found a. sianificant 
relationship between daiiy PM25 concentration and non-accidental mortality. Abt Associates, 
inc. (‘i996b, p. 52) used the six PM2.5 relative risks reported by Schwartz et al., in a three-step 
procedure to estimate a pooled PM2.5 coefficient and its standard error. The first step estimates 
a random-effects pooled estimate of p; the second step uses an “empirical Bayes” procedure to 
he-estimate the ,f? for each study as a weighted average of the j3 reported for that location and 
the random effects pooled estimate; and the third step estimates the underlying distribution ofj3, 
and uses a Monte Carlo procedure to estimate the standard error (Abt Associates, Inc., 1996a, 
p- 65). 

The C-R function to estimate the change in mortality associated with daily changes in PM25 is: 

A Mortality = - yo’ (emwpM- I> . pop 

where: 

y. = county-level daily incidence for non-accidental deaths per person of any age 

fl= PM25 coefficient (Abt Associates Inc., 1996a, Exhibit 7.2) = 0.001433 

APM = change in daily average PM2.5 concentration 

pop = population of all ages 

crB = standard error of B (Abt Associates Inc., 1996a, Exhibit 7.2) = 0.000129 

9.1.5.4.4 Short-Term Mortality (Pooled California PM10 studies, Chestnut, et al., 2001) 

A number of daily time-series studies have examined the PM-premature mortality relationship in 
California populations. Some of the study details and the PM relative risk results from these 
studies are presented in Table 9.2. Chestnut and Mills pooled PM10 results from each of the 
counties represented in this table-in a random effects model. For counties with more than one 
set of PM10 results, those estimates were pooled first and the results from a fixed effects 
assumption were incorporated with the results for the remaining locations- Only PM10 results 
were used so no results from Kinney and Ozkaynak (1991) or from Ostro (1995) are included in 
the pooled estimate. The re?ult of the poole, , A DMl 0 studies js shown in the last row of the table 
and it applies to all ages and non-accidental deaths.“‘ 
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Table 9.2. Daily time series study results of impact of PM on daily mortality in 
California. 

PM 
Pollutant 

Estimated 
measure 

Study location used in covariates 
Beta 

Relative risk for a 
Study (years) study included (std. Err) IO pg/m3 (95% Cl) 

Fairley, 1999 Santa Clara (1989- PM25 Ozone, 0.004365 1.045 (1 .OlO, 1.080) 
1996) CO, NO2 

(0.001694) 

PM10 None 0.001539 1 .016 (1.004, 1.027) 

(0.000598) 

Kinney and Los Angeles (1970- KMb 
Ozkayna k, 1979) 
1991 

Kinney et al., Los Angeles (1985- PM10 
1995 1990) 

Oxides 

Ozone 

N/A (linear 1.008 (1.005, 1.012) 
regression 
used) 

0.000488 1.005 (0.999, 1.010) 

(0.000284) 

Ostro, 1995 San Bernardino and PM2.5 
Riverside Counties (est) 
(1980-1986) 

Ostro et al., Coachella Valley PM1 0 
1999 (1989-I 992) 

None 

None 

0.000000 

(0.00031 I) 

0.001128 

(0.000747) 

1 .OOO (0.994, 1.006) 

(full year) 

1.011 (0.997, 1.026) 

Samet et al., Los Angeles County PM10 Ozone 0.000419 1.004 (1.001, 1.008) 
2000b (1987-l 994) (0.000188) 

San Diego County PM10 Ozone 0.001124 1 .Ol 1 (1.002, 1.021) 
(1987-q 994) 

(0.000467) 

Orange County PM10 Ozone 0.001025 1.010 (1.000, 1.021) 
(I 987-l 994) 

(0.000523) 

Santa Clara County PM10 

(1987-1994) 

San Bernardino PM1 0 
County (1987-l 994) 

Ozone. 

Ozone 

0.000369 1.004 (0.997, 1 .M 1) 

(0.000350) 

0.000310 1.003 (0.990, 1 .017) 

(0.000687) 

Alameda County PM1 0 Ozone 0.002000 1.020 (1.009, 1.032) 
(1987-l 994) 

(0.000572) 

Random All counties PM10 N/A 0.000838 -I .008 (I .004,1.012) 
Effects represented in table 
Pooling, 

(0.000203) 

Chestnut et 
al., 2001’ 

a. Mortality in these studies is non-accidental mortality, which excludes deaths attributed to homicide, suicide, legal intervention, or 
other accidental causes. 

b. KM is a measure of visual opacity in the air, which is related to particulate matter. The mean value for KM in this study was 25. 

c. Only studies that measured PM10 were pooled in the random effects model. 
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9.1.5.5 Chronic Bronchitis (Abbey et ai.; 1995 and 1993, California) 

Abbey et al. (1995) examined the relationship between estimated PM2.5 (annual mean from 
1966 to 1977) PM1 0 (annual mean from 1973 to 1977) and total suspended particulate (TSP, 
annual mean from 1973 to 1977) and the same chronic respiratory symptoms in a sample 
population of 1,868 Californians. The initial survey was conducted in 1977 and the final survey 
in 1987. To ensure a better estimate of exposure, the study participants had to have been living 
in the same area for an extended period of time. In single-pollutant models, there was a 
statistically. significant PM2.5 relationship with development of chronic bronchitis, but not for 
airway obstructive disease (AQD) or asthma; PM10 was significantly associated with chronic 
bronchitis and AOD; and TSP was significantly associated with all cases of all three chronic 
symptoms. 

The C-R function to estimate the change in chronic bronchitis is: 

A Chronic Bronchitis = - yo’ (emPAPM- 1) - pop 

where: 

y. = annual bronchitis incidence rate per person = 0.00378 (Abbey et al., 1993, Table 3) 

p = estimated PM2.5 coefficient = 0.0132, PM1 0 coefficient = 0.00932 

APM = change in annual average PM concentration 

Pop = population of ages 27 and older without chronic bronchitis = 0.9465*population 
27+ 

(~g = standard error of.8 = 0.0068Ofor PM2.5, 0.00475 for PM10 

incidence Rate. The estimation of the incidence rate is detailed in “Final Heavy Duty 
Engine/Diesel Fuel Rule: Air Quality Estimation, Selected Health and Welfare Benefits Methods, 
and Benefit Analysis Results, Appendix C”, U.S. EPA, December 2000. 

Coefficient Estimate @)- The estimated coefficient (18) for PM2.5 is based on the relative risk (= 
1.81) associated with 45 pg/m3 change in PM2.5 (Abbey et al., 1995, Table 2). The estimated 
coefficient (j3) for PM1 0 is based on the relative risk (= ‘I .36) associated with 60 pg/m3 change in 
TSP (Abbey et al., 1993, Table 5). Assuming that PM10 is 55% of TSP and that particulate 
greater than IO micrometers are harmless- 

Standard Error (aa). The standard error for the PM2.5 coefficient (B) is calculated from the 
reported lower and upper bounds of the relative risk (0.98 to 3.25) (Abbey et al., 1995, Table 2). 

9.1.5.6 Hospital Admissions 

Studies of a possible PM-hospitalization relationship have been .conducted for a number of 
locations in the United States, including California. These studies use a daily time-series design 
and focus on hospitalizations with a first-listed discharge diagnosis attributed to diseases of the 
circulatory system ([CDS-CM codes 390-459) or diseases associated with the respiratory 
system (ICDS-CM codes 460-519). Subcategories within these groups are also often examined, 
with variation between studies in how the categories are defined. Common subcategories within 
circulatory are cardiovascular, which includes heart attack, and cerebrovascular, which includes 
stroke. Common subcategories within respiratory are chronic obstructive pulmonary disease 
(COPD), asthma, and pneumonia. Various age grouping are also considered, which vary across 
studies. 
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Some studies have examined the relationship between air pollution and emergency room (ER) 
visits. Because most emergency room. visits do not result in an admission to the hospital we 
treated hospital admissions and ER visits separately, taking account of the fraction of ER 
patients that were admitted to the hospital. 

9.1.5.6.1 Hospital Admissions for COPD (Samet et al., ZOOOa, 14 Cities) 

Samet et al. (2000a) examined the relationship between air pollution and hospital admissions 
for individuals age 65 and over in 14 cities across the country. Cities were selected on the basis 
of available air pollution data for at least four years between 1985 and 1994 during which at 
least 56% of days had observations between the city-specific start and end of measurements- 

The C-R function to estimate the change in hospital admissions for COPD associated with daily 
changes in PMlO is: 

A COPD Admissions = - yo- (eepaPM- 1) - pop 

where: 

yo.= daily hospital admission rate for COPD per person 65 and older = 2.59 E-5 

/3 = PM10 coefficient = 0.00288 

APM = change in daily average PM concentration 

pop = population age 65 and older 

aB = standard error of j? = 0.00139 

Incidence Rate. COPD hospital admissions (ICD-9 codes: 490-492, 494-496) are based on 
“Patient Discharge Data 1998-1999,” California Office of Statewide Health Planning and 
Development, 2000. Population data are from “Race/Ethnic Population with Age and Sex Detail, 
1970-2040”, California Department of Finance. 

Coefficient Estimate (j?). The coefficient is estimated from relative risk of 1.029 which is based 
on a 2.88 percent increase in admissions due to a PM10 change of 10.0 rig/m3 (Samet et al., 
2000a, Part II - Table 14). 

Standard Error (aJ The standard error was calculated as the average of the standard errors 
implied by the reported lower and upper bounds of the percent increase (Samet et al., 2000a, 
Part II -Table 14) 

9.1.5.6.2 Hospital Admissions for Pneumonia (Samet et al., 2000a, 14 Cities) 

The C-R function to estimate the change in hospital admissions for pneumonia associated with 
daily changes in PM is: 

A Pneumonia Admissions = - yo- (emwPM- 1) - pop 

where: 

y. = daily hospital admission rate for pneumonia per person 65 and older = 5.16 E-5 

B = PM1.O coefficient = 0.00207 

APM = change in daily average PM concentration 

pop = population age 65 and older 

a, = standard error of /? = 0.00058 
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Incidence Rate. Pneumonia hospital admissions (ICD-9 codes: 480-487) are based on “Patient 
Discharge Data 1998-l 999,” California Office of Statewide ‘Health Planning and Development, 
2000. Population data are from “Race/Ethnic Population with Age and Sex Detail, l-970-2040”, 
California Department of Finance. 

Coefficient Estimate (8). The coefficient is estimated from relative risk of 1.021 which is based 
on a 2.07 percent increase in admissions due to a PM10 change of 10.0 ug/m3 (Samet et al.,’ 
2000a, Part II - Table 14). 

Standard Error (aJ. The standard error was calculated as the average of the standard errors 
implied by the reported lower and upper bounds of the percent increase (Samet et al., 2000a, 
Part II - Table 14) 

9.1.5.6.3 Hospital Admissions for Cardiovascular Disease (Samet et al., 2OOOa, 14 Cities) 

The C-R function to estimate the change in hospital admissions for cardiovascular disease 
associated with daily changes in PM10 is: 

A CVD Admissions = - yO’ (eeFAPu- 1) e pop 

where: 

y. = daily hospital admission rate for cardiovascular disease per person 65 and older = 
1.58E-4 

j3 = PWlO coefficient = 0.00119 

APM = change in daily average PM concentration 

pop = population age 65 and older 

qfl = standard error of /I = 0.00011 

Incidence Rate. Congestive heart failure hospital admissions (ICD-9 codes: 390-429) are based 
on “Patient Discharge Data 1998-1999,” California Office of Statewide Health Planning and 
Development, 2000. Population data are from “Race/Ethnic Population with Age and Sex Detail, 
1970-2040”, California Department of Finance. 

Coefficient Estimate (B). The coefficient is estimated from a relative risk of 1 .012 which is based 
on a 1 .I 9 percent increase in admissions due to a PM10 change of i 0.0 ug/m’ (Samet et al;, 
2000a, Part II - Table 14). 

Standard Error (afl). The standard error was calculated as the average of the standard errors 
implied by the reported lower and upper bounds of the percent increase (Samet et al., 2000a, 
Part II - Table 14) 

9.1.5.6.4 Hospital Admissions for Asthma (Sheppard et al., 1999, Seattle) 

Sheppard et al. (1999) studied the relation between air pollution in Seattle and non-elderly 
hospital admissions for asthma from 1987 to 1994. They used air quality data for PMIO, PM2.5, 
coarse PM2.5-10, S02, ozone, and CO in a Poisson regression model with controls for time 
trends, seasonal variations, and temperature-related weather effects- They found asthma 
hospital admissions associated with PM3 0, PM2.5, coarse PM2.510, CO, and ozone. The C-R 
function is based on a two-pollutant model with CO and PM2.5 and PM10 single-pollutant 
model: 

n Asthma Admissions = - yo’ (e-pA.phn- 1) . pop 

where: 
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y. = daily hospital admission rate for asthma per person = 2.63 E-6 

- ,L? = PM25 coefficient = 0.002505, PMI‘O coefficient = 0.002568 

APM = change in daily average PM concentration 

pop = population of ages less than 65 

afl = standard error of PM2.5,0 = 0.001045, standard error of PM10 fi = 0.0007674 

Incidence Rate. Hospital admissions for asthma (ICD-9 code: 493) are based on “Patient 
Discharge Data 1998-1999,” California Office of Statewide Health Planning and Development, 
2000. Population data are from “Race/Ethnic Population with Age and Sex Detail, 1970-2040”, 
California Department of Finance. 

Coefficient Estimate (B). Based on a model with CO, the daily average coefficient is estimated 
from the relative risk (1.03) associated with a change in PM25 exposure of 1 I .8ug/m3 
(Sheppard et al., 1999, Table 3 and p. 28). 

Standard Error (0;8). The standard error was calculated as the average of the standard errors 
implied by the reported lower and upper bounds of the relative risk (Sheppard et al., 1999, p. 
28). 

9.1.5.6.5 Emergency Room Visits for Asthma (Schwartz et al., 1993, Seattle) 

Schwartz et al. (1993) examined the relationship between air quality and emergency room visits 
for asthma in persons under 65, and 65 and over who lived in Seattle from September 1989 to 
September 1990. Using single-pollutant models they found daily levels of PM10 linked to ER 
visits in individuals younger than 65. 

The C-R function to estimate the change in daily emergency room visits for asthma associated 
with daily changes in PM10 is: 

A Asthma ER Visits = - yo’ (empAPM- 1) - pop 

where: 

y. = daily ER visits for asthma per person under 65 years old = 4.48 E-6 

j? = PM10 coefficient (Schwartz et al., 1993, p. 829) = 0.00367 

APM = change in daily average PM concentration 

pop = population of ages O-64 

a6 = standard error of j3 (Schwartz et al., 1993, p- 829) = 0.00126 

Incidence Rate. Smith et al. (1997, p- 789) reported that in 1987 there were 445,000 asthma 
admissions and 1.2 million asthma ER visits. Assuming that all asthma hospital admissions 
pass through the ER room, then 37% of ER visits end up as hospital admissions. By subtracting 
out those visits that end up as admissions, ER visits = 1.7’asthma admission rate = 1.7*2.63 E- 
6 =4.48 E-6. Asthma hospital admissions (ICD-9 code: 493) rate are based on “Patient 
Discharge Data 1998-1999,” California Office of Statewide Health Planning and Development, 
2000, and population data are from “Race/Ethnic Population with Age and Sex Detail, 1970- 
2040”, California Department of Finance. 

9.1.5.7 Minor Illness 

In addition to chronic illnesses and hospital admissions, there is considerable scientific research 
that has reported significant relationships between elevated air pollution levels and other 
morbidity effects. Controlled human studies have established relationships between air pollution 
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and symptoms such as cough, pain on deep inspiration, wheeze, eye irritation and headache. In 
addition, epidemiological’research has found ‘relationships between air pollution exposure and 
acute infectious diseases (e.g., bronchitis, sinusitis) and a variety of “symptom-day” categories. 
Some “symptom-day” studies examine excess incidences of days with identified symptoms such 
as wheeze, cough, or other specific upper or lower respiratory symptoms. Other studies 
estimate relationships for days with a more general description of days with adverse health 
impacts, such as “respiratory restricted activity days” or work loss days. 

We selected a few endpoints that reflect some minor morbidity effects and carefully adjusted 
estimates to avoid double counting (e.g., adjusted minor restricted activity days by number of 
asthma &tacks). 

9.1.5.7.1 Acute Brenchitis C-R Function (Dockery et al., 1996) 

Dockery et al. (1996) examined the relationship between PM and other pollutants on the 
reported rates of asthma, persistent wheeze, chronic cough, and bronchitis, in a study of 13,369 
children ages 8-12 living in 24 communities in the U.S. and Canada. Health data were collected 
in 11988-1991, and single-pollutant models were used in the analysis to test a number of 
measures of particulate air pollution. The study found that there was a marginally significant 
relationship between PM and bronchitis. 

The C-R function to estimate the change in acute bronchitis is: 

A4cute Bronchitis = -[ Yo 
(l-y,)-euMp +yo 

-YJPOP 

where: 

YO= annual bronchitis incidence rate per person = 0.044 

B = estimated PM2.5 logistic regression coefficient = 0.0272 

APM = change in annual average PM concentration 

pop = population of ages 8-12 

~~ = standard error of p = 0.0171 

Incidence Rate. The estimation of incidence rate is detailed in “Final Heavy Duty Engine/Diesel 
Fuel Rule: Air Quality Estimation, Selected Health and Welfare Benefits Methods, and Benefit 
Analysis Results, Appendix C”. U.S. EPA, December 2000. 

Coefficient Estimate (B). The estimated logistic coefficient is based on the odds ratio (= 1.50) 
associated with being in the most polluted city (PI&,= 20.7 pg/m3) versus the feast polluted city 
(PM2,,=5.8 ug/ m3) (Docket-y et al., 1996, Tables -I and 4). We applied the PM2.1 coefficient to 
PM2.5 and PMIO. 

Standard Error (ab) The standard error of the coefficient is calculated from the reported lower 
and upper bounds of the odds ratio (Dockety et al., 1996, Table 4) 

9.1.5.7.2 Upper Respiratory Symptoms (Pope et al., 1991) 

Using logistic regression, Pope et al. (1991) estimated the impact of PM10 on the incidence of a 
variety of minor symptoms in 55 subjects (34 “school-based” and 21 “patient-based”) living in 
the Utah Valley from December 1989 through March 1990. The children in the Pope et al. study 
were asked to record respiratory symptoms in a daily diary. Pope et al. defined upper 
respiratory symptoms as consisting of one or more of the following symptoms: runny or stuffy 

9-l 3 



308 

nose; wet cough; and burning, aching, or red eyes. The sample in this study-was relatively small 
and is most representative of the asthmatic, population, rather than the general population. The 
school- based subjects (ages 9 to 11) were chosen based on “a positive response to one or 
more of three questions: ever wheezed without a cold, wheezed for 3 days or more’out of the 
week for a month or longer, and/or had a doctor say the ‘child has asthma’ (Pope et al., 1991, p- 
669)” The patient-based subjects (ages 8 to 72) were receiving treatment for asthma and were 
referred by local physicians. Regression results for the school-based sample (Pope et al., 1991, 
Table 5) showed PM10 significantly associated with both upper and lower respiratory 
symptoms. The patient-based sample did not find a significant PM1 0 effect. The results from the 
school-based sample are used here. 

The C-R function used to estimate the change in upper respiratory symptoms is: 

AUpper Respirutoiy Symptoms = --I 
(l-yo).SMfl + y. 

-Yol-POP 

where: 

y. = daily upper respiratory symptom incidence rate per person = 0.3419 

fl= estimated PM1 0 logistic regression coefficient = 0.0036 (Pope et al., 1991, Table 5) 

APM = change in daily average PM concentration 

pop = asthmatic population ages 9 to 11 = 6.91% of population ages 9 to 11 

ufl = standard error of ,fI (Pope et al., 1991, Table 5) = 0.0015 

Incidence Rate. The incidence rate is published in Pope et al. (Pope et al., 1991, Table 2). 
Taking a sample-size-weighted average, one gets an incidence.rate of 0.3419. 

9.1.5.7.3 Lower Respiratory Symptoms (Schwartz et al., 1994) 

Schwartz et al. (1994) used logistic regression to link lower respiratory symptoms in children 
with SO*, N02, ozone, PMIO, PM2.5, sulfate and H’ (hydrogen ion). Children were selected for 
the study if they were exposed to indoor sources of air pollution: gas stoves and parental 
smoking. The study enrolled 1,844 children in 1984 into a year-long study. The study was 
conducted in different years (1984 to 1988) in six cities- The students were in grades two 
through five at the time of enrollment in 1984. By the completion of the final study, the cohort 
would then be in the eighth grade (ages 13-14); this suggests an age range of 7 to 14. 

In single pollutant models SO*, NO*, PM2.5, and PM10 were significantly linked to coughing. In 
two-pollutant models, PM10 had the most consistent relationship with coughing. In models for 
upper respiratory symptoms, they reported a marginally significant association for PMIO. In 
models for lower respiratory symptoms, they reported significant single-pollutant models, using 
S02, OS, PM2.5, PM1 0, S04, and H’. 

The C-R function used to estimate the change in lower respiratory symptoms is: 

ALower Respiratov Symptoms = -[ (l-yo).;LL? +yo -YJ-POP 

where: 

y. = daily lower respiratory symptom incidence rate per person = 0.0012 

p = estimated PM2.5 logistic regression coefficient = 0.01823 
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APM = change in daily average PM concentration 

pop = population of ages 7-14 

a, = standard error of p = 0.00586 

incidence Rate. The proposed incidence rate, 0.12 percent, is based on the percentiles in 
Schwartz et al. (Schwartz et al., 1994, Table 2). The calculation is detailed in “Final Heavy Duty 
Engine/Diesel Fuel Rule: Air Quality Estimation, Selected Health and Welfare Benefits Methods, 
and Benefit Analysis Results, Appendix C”, U.S. EPA, December 2000. 

Coefficient Estimate @). The coefficient is calculated from the reported odds ratio (= 1.44) in a 
single-pollutant model associated with a 20 ug/m3 change in PM2.5 (Schwartz et al., 1994, 
Table 5). 

Standard Error (aJ. The standard error for the coefficient is calculated from the reported lower 
and upper bounds of the odds ratio (Schwartz et al., 1994, Table 5). 

9.1.5.7.4 Asthma Attacks, (Whittemore and Kern: 1980) 

Whittemore and Korn (1980) examined the relationship between air pollution and asthma 
attacks in a survey of 443 children and adults, living in six communities in southern California 
during three 34-week periods in 1972-l 975. The analysis focused on TSP and ozone. In a two- 
pollutants model, daily levels of both TSP and 03’were significantly related to reported asthma 
attacks. 

The C-R function to estimate the change in the number of asthma attacks is: 

A Asthma Attacks = -[ 

where: 

y. = daily incidence of asthma attacks = 0.027 (Krupnick, 1988, p. 4-6) 

/3 = PM1 0 coefficient = 0.00144 

APM = change in daily PM concentration 

pop = population of asthmatics of all ages = 5.61% of the population of all ages. 
a8 = standard error of fl = 0.000556 

incidence Rate. The annual rate of 9.9 asthma attacks per asthmatic is divided by 365 to get a 
daily rate. A figure of 9.9 is roughly consistent with the recent statement that “People with 
asthma have more than [a combined] 100 million days of restricted activity” each year (National 
Heart, Lung, and Blood Institute 1997, p. 1). This 100 million incidence figure coupled with the 
1996 population of 265557,000 (U.S. Bureau of the Census, 1997, Table 2) and the latest 
asthmatic prevalence rate of 5.61% (Current Estimates From the National Health Interview 
Survey, 1994, US Department of Health and Human Services, 1995, Table 57), suggest an 
annual asthma attack rate per asthmatic of 6.7. 

Coefficient Estimate (j3). Based on a model with ozone, the coefficient is based on a TSP 
coefficient (0.00079) (Whittemore and Korn, 1980, Table 5). Assuming that PM10 is 55 percent 
of TSP and that particulates greater than ten micrometers are harmless. 
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Standard Error (afl). The standard error is calculated from the two-tail_ed p-value (~0.01) 
reported by Whittemore and Korn (1980, .Tab!e 5), which implies a t-value. of. at least 2.576 
(assuming a large number of degrees of freedom). 

9.1.5.7.5 Work Loss Days (Ostro, 1987) 

Ostro (1987) estimated the impact of PM25 on the incidence of work-loss days (WLDs), 
restricted activity days (RADs), and respiratory-related RADs (RRADs) in a national sample of 
the adult working population, ages 18 to 65, living in metropolitan areas. The annual national 
survey results used in this analysis were conducted in 1976-l 981. ‘Ostro reported that two-week 
average PM2.5 levels were significantly linked to work-loss days, RADs, and RRADs, however 
there was some year-teyear variability in the results. Separate coefficients were developed for 
each year in the analysis (1976-1981); these coefficients were pooled. The coefficient used in 
the concentration-response function used here is a weighted average of the coefficients in Ostro 
(1987, Table Ill) using the inverse of the variance as the weight. 

The C-R function to estimate the change in the number of work-loss days is: 

A WLD = - yo’ (empApM- 1) - pop 

where: 

y. = daily work-loss-day incidence rate per person = 0.00648 

p = inverse-variance weighted PM2.5 coefficient = 0.0046 

APM = change in daily average PM concentration 

pop = population of ages 18 to 65 

aB = standard error of fl= 0.00036 

Incidence Rate. The estimated 1994 annual incidence rate is the annual number (376,844,OOO) 
of WLD per person in the age 18-64 population divided by the number of people in 18-64 
population (159,361,000>. The 1994 daily incidence rate is calculated as the annual rate divided 
by 365. Data are from U.S. Bureau of the Census (1997, Table 14) and current estimates from 
the national health interview survey (CDCYNCHS 1998, Table 41). 

Coefficient Estimate (/3). The coefficient used in the C-R function is a weighted average of the 
coefficients in Ostro (1987, Table Ill) using the inverse of the variance as the weight. 

Standard Error (aB). The standard error of the coefficient calculation is detailed in “Final Heavy 
Duty Engine/Diesel Fuel Rule: Air Quality Estimation, Selected Health and Welfare Benefits 
Methods, and Benefit Analysis Results, Appendix C”, U.S. EPA, December 2000. 

9.1.5.7.6 Minor Restricted Activity Days (Ostro and Rothschild, 1989) 

Ostro and Rothschild (1989) estimated the impact of PM25 on the incidence of minor restricted 
activity days (MRADs) and respiratory-related restricted activity days (RRADs) in a national 
sample of the adult working population, ages 18 to 65, living in metropolitan areas. The annual 
national survey results used in this analysis were conducted in 1976-1981. Controlling for 
PM2.5, two-week average O3 has highly variable association with RRADs and MRADs. 
Controlling for 03, two-week average PM2.5 was significantly linked to both health endpoints in 
most years. 

The study is based on a sample of individuals ages 18-65. Applying the C-R function to this age 
group is likely a slight underestimate, as it seems likely that the elderly are at least as 
susceptible to PM as individuals 65 and younger. The elderly appear more likely to diedue to 
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PM exposure than other age groups (e.g., Schwartz, 1994c, p. 30) and a number of studies 
have found that hospital admissions for the elderly are related to PM exposures (e.g., Schwartz, 
1994a; Schwartz, 1994b). 

The coefficient used in this analysis is a weighted average of the coefficients in Ostro and 
Rothschiid (1989), Table 4, using the inverse of the variance as the weight. The C-R function to 
estimate the change in the number of minor restricted activity days (MRAD) is: 

A MFWD = - yO. (empAPM- I) - pop 

where: 

y. =‘daily MRAD daily incidence rate per person = 0.02137 

p = inverse-variance weighted PM2.5 coeffcient = 0.00741 

APM = change in daily average PM concentration 

pop = adult population ages 18 to 65 

ofl = standard error of ,!!? = 0.0007 

Incidence Rate. The annual incidence rate (7.8) provided by Ostro and Rothschild (‘l989, p. 
243) was divided by 365 to get a daily rate of 0.02137. 

Coefficient Estimate (p). The coefficient is a weighted average of the coefficients in Ostro and 
Rothschild (1989, Table 4) using the inverse of the variance as the weight. 

%‘I .6 Applicability of the C-R functions in California 

Since many epidemiological studies do not incorporate results from California, one may expect 
that the health effects of partiilate matter.in California are different than those in the rest uf the 
United States. One of reasons there may be differences is that the composition of particulate 
matter varies significantly by region, and it is possible that not all types of particulate matter 
have the same health effects. One obvious difference between particulate matter in California 
(and elsewhere in western states) and the rest of the country is that the sulfate aerosol contetz,‘. 
is much lower in California. 

Samet et al. (2000a) provide data that allow a simple illustration of this difference. They report 
mean levels of several criteria air poljutants, for 3987 to 6994 in 23 of the largest cities and 
metropolitan areas in the United States, including 6 in California: Los Angeles, San Diego, 
Santa Ana-Anaheim, San Jose, San Bernardino, and Oakland. Sulfur dioxide (SOJ and 
nitrogen dioxide (N02) are gaseous pollutants, but they are precursors to the sulfate and nitrate 
aerosols that make up a significant share of PMIO. Table 9.3 shows that PMIO, ozone, and NO2 
are all somewhat higher, on average, in California cities than in other U.S. cities, with the largest 
difference in N02. SOa, on the other hand, is dramatically lower in California cities. The slightly 
higher concentrations of PM10 and ozone in California cities reflects to some extent the warm 
temperatures and sunny skies that contribute to the photochemical formation of ozone and fine 
particulates. Dramatically lower SOn concentrations in California reflect that, to the extent that 
coal is burned by electric utilities and other industrial sources, it is low sulfur (western) coal that 
is used. Coal mined in the eastern United States, and widely used as a fuel for power plants and 
other industrial sources, tends to have substantially higher sulfur content, which has a direct 
relationship with ambient SO2 concentrations. 
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Table 9.3. Comparison of mean concentrations of selected air polluiant3, 1987-I 994 

PM10 Ozone 332 

(dm3) (wb) (wb) rp;) 

Six California cities 

Fourteen other U.S. cities 

Source: Samet et al., 2000a. 

35-l 24.7 1.4 28.6 

31.9 22.3 6.7 22.3 

Although there has been substantial discussion in the literature of potential differences in health 
effects of various PM10 constituents, and some studies have reported that sulfate aerosols are 
more likely than other constituents to be a primary culprit, the findings regarding sulfate have 
not been consistent. There is sufficient evidence of PM10 health effects in locations (e.g., Los 
Angeles) where the sulfate content of PM1 0 is relatively low. 

Numerous time-series studies provide opportunities to compare results obtained in California to 
those obtained in other locations in the United States. Comparing the results for PM10 in 
Table 9.2, the relative risks range from 1.003 to 1.020, with a mean value of 1.009. The 
weighted mean relative risk for all counties in California for PM10 is 1.008, with a 95% 
confidence interval of 1.004 to 1.012. This is within the range of mean results for studies 
throughout the United States, and suggests that the mortality effects of PM in California are 
comparable to those found in other locations in the United States. 

Samet et al. (2000b) present the relative risk results for 20 cities in the United States, all 
estimated using the same estimation approach and years of data. They also estimate a pooled 
relative risk across all locations. The pooled relative risk for IO pg/m3 PM10 results across all 
20 locations was I .005. Removing the California locations from these results and averaging the 
relative risk results from the remaining 14 city/counties results in an average relative risk value 
of 1.004. By comparison, the average relative risk for the six California locations was 1.009, and 
ranged from 1.003 to 1.020 across these six locations. This comparison suggests that the daily 
time-series results for PM10 from California are similar to, if not slightly higher than those from 
other locations across the country. These results contradict the. hypothesis that PM health 
effects in California may be lower because of the significantly lower sulfate content of PM in the 
West. 

Based on our observations, in cases where the EPA adopted C-R functions that do not 
incorporate results from California, or where the contribution from the California-based segment 
of the study population is unclear, the weight of available evidence from the other health 
outcome categories is not sufficient enough to argue that differences in the composition of the 
ambient PM in California or aspects of the California population make using results from 
locations outside of California inappropriate. We therefore selected functions which were drawn 
from the results of non-California locations when the California-specific C-R functions are not 
available. 

9.2 Health Effects Results 

Applying results from the available epidemiologic studies to California data on PM suggests 
significant effects for both mortality and morbidity. For example, applying the prospective cohort, 
long-term exposure studies, the change in ambient PM25 from current levels in California (as 
described in Chapter 6) to an annual average of 12 pg/m3 for all California counties is 
associated, in the long term with approximately 6,500 (95% C1 = 3,200 to 9,800) fewer cases of 
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premature mortality per year, or about 2.9% of all mortality in the population above age 30 (see 
table 9.4). Use of the short-term ‘exposure studies, which only capture part.of -the total effects 
on mortality, generates a mean estimate of approximately 2,600 fewer premature deaths per 
year (95% Cl of 2,200 to 3,100) using a standard of 12 pg/m3 PM25 

Mean annual estimates of reduced hospitalization associated with moving from current 
concentrations of PM25 to 12 pg/m3, are approximately 600 for COPD, 900 for pneumonia, 
approximately 1,500 for cardiovascular disease and 500 for asthma. These effects are all 
associated with relatively short-term exposures to PM; no effects associated with long-term 
exposures are included in the hospital estimates. These estimates are fairly close to those 
derived using the California Kaiser data on hospitalization, which suggest a reduction of 
approximately 2,100 cases of hospitalization for circulatory diseases, 1,500 for chronic 
respiratory disease and 700 for acute respiratory disease. Finally, among children ages 7 to 14, 
current concentrations of PM25 are estimated to result in about 209,000 (95%CI 81,000 - 
323,000) excess days of lower respiratory symptoms per year. 

The estimated health benefits associated with meeting a lower annual average PM10 standard 
are also significant. These estimates are an alternative and not in addition to the PM2.5 
estimates. Based on the analysis of Krewski et al. (2000) of the ACS cohort, long-term effects 
are only attributed to the fine particle share of PMIO, not to all of PMlO. As noted above, the 
other major prospective cohort long-term exposure study (Dockery et al., 1993) did find an 
apparent association between PM10 and mortality, therefore this gssumption leads to lower 
effects from PMIO. In addition, several morbidity endpoints appear to be associated with long- 
term exposure to PMlO. Applying the prospective cohort, long-term exposure studies, the 
change in ambient PM10 from current levels in California (as estimated in Chapter 6) to an 
annual average of.20. kg/m3 for all. Califactiia..,counties js associated, in the long Wrn, with 6,500 
premature deaths (95% Cl = 3,200 to 9,800) (see table 9.6), about 3% of all mortality for the 
cohort above age 30. Use of short-term exposure studies generates a mean estimate of 2,300 
(95%CI = 1,200 to 3,400) premature deaths per year. 

Table 9.4 and Table 9.5 summarize the estimated health effects of reducing PM2.5 
concentration from current levels to 12 pg/m3 and to the non-anthropogenic background of 5 
pug/m3 in California. 

Table 9.6 and Table 9.7 summarize the estimated health effects of reducing PM10 
concentration from current levels to 20 lug/m3 and to the non-anthropogenic background of 11 
,ug/m3 in California. 

Table 9.8 to Table 9.10 present the estimated mortality, chronic illness, and hospital admission 
effects of reducing PM2.5 concentration from current levels to the non-anthropogenic 
background in all Caiifornia counties. 

9.3 Uncertainties of Risk Estimates 

Among the uncertainties in the risk estimates is the degree of transferability of the 
concentration-response functions to California. However, eight California cities were included in 
the long-term exposure-mortality study of PM2.5 (Krewski et al., 2000), which involved a total of 
63 cities, while the short-term exposure-mortality estimates were derived from studies of nine 
California cities (see Chapter 9). Similar risk estimates for mortality associated with acute PM10 
exposure have been observed in over 60 cities throughout the world. In addition, similar 
quantitative estimates of the morbidity outcomes have been reported in multiple cities and/or 
have been conducted in California. Therefore, generalizing these results appears reasonable. 
There is still some uncertainty, however, concerning the choice of the specific studies and 
concentration-response functions used in this risk assessment. In this case, we used 
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concentration-response functions that had been reviewed and judged as acceptable by U.S. 
EPA’s Science Advisory’ Board. For exampte, althou,gh tie used the resylts of single-day 
exposures in the short-term exposure-mortality studies, application of studies using multi-day 
averages would have generated higher effect estimates. As another example, the prospective 
cohort studies using the results from the ACS (Pope et al., 1995) and Harvard Six-Cities 
(Dockery et al., 1993) cohorts could have been pooled, producing a higher estimate than relying 
only on the Pope et al. study. 

A second uncertainty involves the issue of co-pollutants. Specifically, it is possible that some of 
the estimated health effects include the effects of both PM and other correlated pollutants. Many 
of the daily -exposure studies isolated an independent effect of PM and/or tested for possible 
interactions or joint effects with other pollutants. However, given inherent errors in measurement 
of exposure to ambient pollutant, it is possible that PM is serving as an index for a mix of 
combustion-related pollutants or other sources of pollutants. As indicated by Chen et al. (1999) 
either underfitting or misfitting a model has implications for statistical inference. Specifically, it is 
well recognized that omitted variable bias may result in biased estimates of both the coefficient 
and standard error. If the other pollutants are causally associated with the health endpoint, then 
clearly an effect attributed solely to PM would be biased. It should be noted, however, that 
SB25 requires OEHHA to consider possible effects of exposure to multiple pollutants in 
evaluating ambient air quality standards. Thus, insofar as the PM concentration-response 
association may include effects of other pollutants, this is in accordance with the statutory 
requirements. In addition, there is uncertainty related to the use of the existing network of 
monitors to represent community exposures. There will be some error in these measurements, 
depending on the location of these monitors and the spatial pattern of the pollutants. 

Finally, estimates for only a subset of adverse outcomes are provided. For example, estimates 
of the effects of PM on cancer incidence and infant mortality are not provided. In addition, no 
estimates on averting behavior are provided. This would include measures that are taken to 
prevent symptoms from occurring in the first place, such as avoiding strenuous exertion on days 
with high PM, staying indoors, use of prophylactic medication, purchasing of air filters, and so 
forth. 
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PROPOSED AMENDMENTS TO TI-TLE 17: CALlFORNlA CODE OF RECWLATlONS 

Section 70100. Definitions. 

(j) Suspended Particulate Matter (PMal0). Suspended particulate matter (PMalO)-refers to 
atmospheric particles, solid and liquid, except uncombined water as measured by a (PMWIO) 
sampler which collects 50 percent of all particles of 10 pm aerodynamic diameter and which 
collects a declining fraction of particles as their diameter increases and an increasing fraction 
of particles as their diameter decreases, reflecting the characteristics of lung deposition. 
Suspended particulate matter (PMmlO) is to be measured by - 

--qp == 
3_3mr\r a California Approved Sampler (CAS) 
for’PM1 d, for purposes of monitoring for compliance with the Suspended Particulate Matter 
(PM&O) standards” Approved samplers, methods, and instruments .are listed in Section 
70100.1 (a) below. A CAS for PM1 0 includes samplers, methods, or instruments determined 
by the Air Resources Board or the Executive Officer to produce .equivalent results for PM1 0 
with the Federal Reference Method (40 CFR, part 50. Appendix M, as published in 62 Fed. 
Res., 38763, Julv 18, 1997), 

(k) Fine Total Suspended Particulate Matter (PM2.5). Fine Total suspended particulate matter 
(PM2.5) refers to suspended .atmosphercic particles eW+&e- solid and liquid, except 
uncombined water as measured bv a PM25 sampler which collects 50 percent of all particles 
of 2.5 urn aerodynamic diameter and which collects a declinina fraction of particles as their 
diameter increases and an increasing fraction of particles as their diameter decreases, 
reflectins the characteristics of lung deposition. Fine T&al-suspended particulate matter 
(PM2.5) is to be measured by )kh 2 
California Approved Sampler (CAS) for PM25 for purposes of monitorino for compliance with 
the Fine Particulate Matter (PM2.5) standards. .Approved samplers, methods, and 
instruments are listed in Section 70100.1 (b) below. A CAS for PM2.5 includes samplers, 
method, and instruments determined bv the Air Resources Board or the Executive Officer to 
produce equivalent results for PM2.5 with the Federal Reference Method (40 CFR, part 50, 
Appendix L, as published in 62 Fed. Reg., 38763, Julv 18, 1997). 

Note: No changes to (I), (m), (n), (0). 

(p) Sulfates. Sulfates are the water soluble fraction of suspended particulate matter (PM1 0) 
containing the sulfate r&sal+Cb) ion (S0,2-) including but not limited to strong acids and . . 
sulfate salts, as measured by m. 61 (?I 

la7~;rpj l=n 107 fi\ MLD Method 007 
(based on hiqh-volume size-selective inlet (SSI) sampling and ion chromatoqraphv), dated 
April 22,2002. 

Note: No changes to (q), (r), (t). 
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NOTE: Authority cited: Sktions 39600, a& 39601 and $9606, Health and Safety Code. 
Reference: Sections 39602 and 39606&j, Health and Safety Code. 
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Section 70100.1. Methods, Samplers. and lnstruments for Measurinq Pollutants 

4;~) PM10 Methods. The followins samplers, methods, and instruments are California 
Approved Samplers for PM1 0 for the purposes of monitorinq for compliance with the 
Suspended Particulate Matter (PM1 0) standards: 
(I) Federal Reference Method for the Determination of Particulate Matter as PM1 0 in the 

Atmosphere (40 CFR, Chapter 1, part 50, Appendix M, as published in 62 Fed. Req., 
38753, July 18, 1997). The specific samplers approved are: 

/A) Andersen Model RAASIO-100 PM10 Sinqle Channel PM10 Sampler, U.S. EPA 
Manual Reference Method RFPS-0699-130, as published in 64 Fed. Req., 
33481, June 23,1999. 

IBI Andersen Model RAASIO-200 PM10 Sinqle Channel PM10 Audit Sampler, 
U.S. EPA Manual Reference Method RFPS-0699-131, as published in 64 Fed. 
Req., 33481, June 23,1999. 

0 Andersen Model ‘RAASlO-300 PM10 Multi Channei PM10 Sampler, U.S. EPA 
Manual Reference Method RFPS-0669-132, as published in 64 Fed. Req., 
33481, June 23,1999. 

(D) Graesbv Andersen/GMW Model 1200 Hiqh-Volume Air Sampler, U.S. EPA 
Manual Reference Method RFPS-1287-063, as published in.52 Fed. Req., 
45684.. December I, 1987 and in 53 Fed. Rea , %X2, ,4anuarr 15, l-88. .. 

{E) Graesbv Andersen/GMW Model 321 B Hiqh-Volume Air Sampler, U.S. EPA 
Manual Reference Method RFPS-1287-064, as bublished in 52 Fed. Rea., 
45684. Deambe~.l--, 4987 a&+n53+~Fed. Req.-, -4~M2; &rrtm 75. l-968. 

/Fj Graesbv AndersenlGMW Model 321-C Hiqh-Volume Air Sampier, U.S. EPA 
Manual Reference Method RFPS-1287-065. as pubJished in 52 Fed. Req., 
45684, December I, 1987 and in 53 Fed. Req., 1062, Januarv 15,1988. 

(6) BGI Incorporated Model PQIOO Air Sampler, U.S. EPA Manual Reference 
Method RFPS-1298-124, as published in 63 Fed. Req., 69624, December 17, 
1998 

{H) Gcorporated Model PQ200 Air Sampler, U.S. EPA Manual Reference 
Method RFPS-1298-125, as published in 63 Fed. Req., 69624, December 17, 
1998 

(2) Continuous samplers: 
/A) Andersen Beta Attenuation Monitor Model FH 62 Cl4 equipped with the 

followinq components: louvered PM1 0 inlet, volumetric flow controller, 
automatic filter chanqe mechanism, automatic zero check, and calibration 
control foils kit*. 

/B) Met One Beta Attenuation Monitor Model 1020 equipped the following 
components: louvered PM1 0 size selective inlet, volumetric flow controller, 
automatic filter chanqe mechanism, automatic heatinq svstem, automatic zero 
and span check capability*. 

(C) Rupprecht & Patashnick Series 8500 Filter Dvnamics Measurement System 
equipped with the followins components: louvered PM1 0 size selective inlet, 
volumetric flow control, flow splitter (3 liter/min sample flow), sample 
equilibration system (SES) dryer, TEOM sensor unit, TEOM control unit, 
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switchinq valve, purqe filter conditioninq unit, and paliiflex-TX40, 13 mm 
effective diameter cattridqe*. 

(b) PM25 Methods. The followinq samplers, methods, and instruments are California 
Approved Samplers for PM25 for the purposes of monitorinq for compliance with the Fine 
Particulate Matter (PM2.5) standards: 

(I ) Federal Reference Method for the Determination of Particulate Matter as PM25 in 
the Atmosphere, 40 CFR, part 50, Appendix L, as published in 62 Fed. Req., 
38763, July d8,1997 and as amended in 64 Fed. Req, 19717, April 22,1999. 
These must use either the WINS impactor or the U.S. EPA-approved very sharp 
cut cyclone (67 Fed. Req., 15566. April 2,2002) to separate PM25from PMIO. 
The specific samplers approved are: 
(A) Andersen Model RAAS 2.5-200 PM25 Ambient Audit Air Sampler, US: EPA 

Manual Reference Method RFPS-0299128, as published in 64 Fed. Req., 
12167, March 11, 1999. 

(B) Graesby Andersen Model RAAS 2.5-l 00 PM2.5 Ambient Air Sampler, US. 
EPA Manual Reference Method RFPS-0598-I 19, as published in 63 Fed. 
Req., 31991, June II, 1998. 

(C) Graesby Andersen Model RAAS 2.5-300 PM2.5 Sequential Ambient Air 
Sampler, U.S. EPA Manual Reference Method RFPS-0598-120, as published 
in 63 Fed. Req., 31991, June II, 1998. 

(D) BGI Inc. Models PQ200 and PQ2OOA PM2.5 Ambient Fine Particle Sampler, 
U.S. EPA Manual Reference Method RFPS-0498-I 16, as published in 63 Fed. 
Req., 18911, April 16, 1998. 

(E) Rupprecht& Patashnick Partisol-FRM Model 2000 Air Sampler, U.S. EPA 
Manual Reference Method RFPS-0498-I 17, as published in 63 Fed. Req., 
18911, .‘l\pril 16, 1998. 

IF) Rupprecht & Patashnick Partisol Model 2000 PM-2.5 Audit Sampler, as 
described in U.S. EPA Manual Reference Method RFPS-0499-129. as 
published in 64 Fed. Req., 19153, April 19, 1999. 

(G) Rupprecht & Patashnick Partisol-Plus Model 2025 Sequential Air Sampler, 
U.S. EPA Manual Reference Method RFPS-0498-I 18, as published in 63 Fed. 
Req., 18911, April 16, 1998. 

(H) Therm0 Environmental Instruments, Incorporated Model 605 “CAPS” Sampler, 
U.S. EPA Manual Reference Method RFPS-1098-123, as published in 63 Fed. 
Req., 58036, October 29, 1998. 

(I) URG-MASS100 Sinqle PM2.5 FRM Sampler, U.S. EPA Manual Reference 
Method RFPS-0400-135, as published in 65 Fed. Req., 26603, May 8,200O. 

(J) 
Method RFPS-0400-136, as published in 65 Fed. Req., 26603, May 8, 2000. 

(2) Continuous samplers: 
(A) Andersen Beta Attenuation Monitor Model FH 62 Cl4 equipped with the 

followinq components: louvered PM1 0 size selective inlet, very sharp cut or 
sharp cut cyclone, volumetric flow controller, automatic filter chanqe 
mechanism. automatic zero check, and calibration control foils kit*. 
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(B) Met Qne Beta Attenuation Monitor Model 3 020 equipped the followinq 
components: louvered PM10 size selective inlet, vet-v sharp cut or sharp cut 
cvclone, volumetric flow controller, automatic filter chanqe mechanism, 
automatic heatinq system, and automatic zero and span check capabilitv*. 

(C> Rupprecht & Patashnick Series 8500 Filter Dvnamics Measurement Svstem 
equipped with the followinq components: louvered PM1 0 size selective inlet, 
very sharp cut or sharp cut cyclone, volumetric flow control, flow splitter (3 
liter/min sample flow), sample equilibration system (SESJ dt-ver, TEQM sensor 
unit, TEOM control unit, switchinq valve, purqe filter conditioninq unit, and 
palliflex TX40, 13 mm effective diameter cartridqe*. 

*Instrument shall be operated in accordance with the vendor’s instrument operation 
manual that adheres to the principles and practices of qualitv control and qualitv 
assurance as specified in Volume I of the “Air Monitorins Qualitv Assurance Manual”, as 
printed on April 17, 2002. and available .from the California Air Resources Board, 
Monitorinq and Laboratory Division, P.Q. Box 2815, Sacramento CA 95814, incorporated 
bv reference herein. 

Note: Authoritv cited: Sections 39600, 39601 and 39606, Health and Safetv Code. 
Reference: Sections 39014, 39606, 39701, 39703(f) and 57004, Health and Safetv Code; Western 
Oil and Gas Ass’n v. Air Resources Bd. (1984) 37 Cal.Sd 502. 
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Section 70200. Table of Standards *** 

[Note: no changes are proposed to standards for any substances not listed] 

Concentration 
and 

Substance Methods* 
Suspended 50pglm’ 

Particulate PM+& ** 

Matter 
U+LdC!l .3qAgk?m~= 

20ua/m3 PM I 0** 

California 
Approved 
Sampler as 
listed in 
section 
70100.1 (a) 

Duration 
of 

Avpeer;i;f 

24 hour 
sample 

24 hour 
samples, 
annual 

arithmetic 
mean 

Most Relevant Effects Comments 
Prevention of excess deaths, illness This standard applies to 
and restrictions in activity from short- suspended matter as 
and Ions-term exposures. Illness measured by PM,-lJ 
outcomes include, but are not limited sampler, which collects 50% 
to, respiratory symptoms. bronchitis,. of all particles of IOpm 
asthma exacerbation, emerqencv aerodynamic diameter and 
room visits and hospital admissions collects a declining fraction 
for cardiac and respiratory diseases. of particles as their diameter 
Sensitive subpopulations include increases, reflecting the 
children, the elderly, and individuals characteristics of lung 
with pre-existing cardiopulmonary deposition. 

disease. m 

25,qlm3 PM2.5** 24 hour Prevention of excess deaths and This standard applies to fine 
Suspended sample illness from short- and lonq-term 
Particulate 

12&m3 PM2.5** 24 hour 
exposures. Illness outcomes include, 

Matter but are not limited to, respiratory 
(PM23 California samples, symptoms, asthma exacerbation, 

Approved annual and hospital admissions for cardiac 
Sampler as arithmetic and respiratorv diseases. Sensitive 

in listed mean subpopulations include children, the 
section elderly, and individuals with pre- 
70100.1(b) existinq cardiopulmonary disease. 

suspended matter as 
measured bv PM2.5 
sampler, which collects 50% 
of all particles of 2.5pm 
aerodvnamic diameter and 
collects a declininq fraction 
of particles as their diameter 
increases, reflectinq the 
characteristics of lunq 
ria-lncitinn \-Y~.VY.~,~.. . . 

Sulfates 25pglm’ total sul- 24 hours a. Decrease in ventilatory This standard is based on a 
fates, -A&&#3 function Critical Harm Level, not a 

b. Aggravation of asthmatic threshold value. 
symptoms 

MLD Method 007 c. Aggravation of cardio- 
pulmonary disease 

d. Vegetation damage 
e. Degradation of visibility 
f. Property damage 

* Any equivalent procedure which can be shown to the satisfaction of the Air Resources Board to give equivalent 
results at or near the level of the air quality standard may be used. 

** These standards are violated when concentrations exceed those set forth in the body of the regulation. All other 
standards are violated when concentrations equal or exceed those set forth in the body of the regulation. 

*** Applicable statewide unless otherwise noted. 

**** These standards are violated when particle concentrations cause measured light extinction values to exceed 
those set forth in the regulations. 
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Note: Authority cited: Sections 39600, 39601 (a> and 39606@, Health anal Safety Code. 
Reference: Sections 39014, 39606(b), 39701 and 39703(f), Health and Safety Code. 
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Dr. ,41an C. Lioyd, Chair 
California Air Resources Board 
1001 I Street 
Sacramento, CA 95812 

Sacramento, CA 

Dear Dr. Lloyd: 

The Air Quality Advisory Committee met on Ja.m~z~ 23 ar!d 24, XI@2 to eva!n& the 
draft document “Review of the California Ambient Air Quality Standards for Pafliculate 
Matter and Sulfates: Report to the Air Quality Advisory Committee.” The examination of 
the current ti quality standards and the recommendations for modification of those 
standards derived from the Children’s Environmental Health Protection Act (Senate Bill 
25) and a resulting document ““Adequacy of CaIifomia Ambient Air Quality Standards: 
Children’s Environmental Health Protection Act” which was published as a staff report in 
2000. SB 25 prompted an analysis of the scientific basis ofthe California air quality 
standards for particulate matter, sulfates, ozone, carbon monoxide, nitrogen dioxide, lead, 
and sulfur dioxide. 

In response to SB.25, an up to date examination of the scientific information relev&t to 
each of these standards that was published in peer reviewed documents,was 
commissioned to determine if the curLent California standards were adequately protective 
of chiIdren’s health. The staff of the Office of Environmental Health Hazard Assessment 
(QEi3I.A) made an analysis of the findings and recommended a list of standards that 
required re-review. The OEHHA analysis was deliberated by AQAC ir, a public me&g 
and the list of standards to be reviewed was prioritized. The standards for particulate 
matter and sulfate were deemed to be those with the highest priority for modification to 
protect the health of California’s children. 

Tn most respects, the committee was pleased with the document “Review of the 
California PLmbient Air Quality Standards for Particulate Matter and Sulfates: Report to 
the Air Quality Advisory Committee.” The committee went on record to complement the 
staffs of the ARB and OEHHA for performing a very comprehensive and careful 
compilation and anaiysis of the peer reviewed literature on sources, monitoring and 
health effects of ambient particulate matter. There were, however, some areas in which 
the AQAC required additional clarification and one key issue with which the AQAC 
disagreed with the OEHIGJARB recommendations. 

The draft document made the following recommendatio& that were endorsed by the 
AQAC. . 
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0 PMlC! Annual-average standard - Lower the standard from the cuzent 30 pg/m’ to 20 
pg/m3 and revise the averaging method to an annual arithmetic mean. 
0 PM1 0 24-hour-average standard - Retain the current standard at 50 ~g/rn3. 
9 PM2.5 Annual-average standard - Establish a new annuai arithmetic mean standard at 
12 pg/m’. 
= Sulfate 24-hour-average standard - Retain the current 25 &n3 standard. 
m For all of the PlvI standards, the concentrations noted above are to be established as 
“not to be exceeded.” 

The AQAC, however, did not agree with the assessment in the draft document that there 
was not sufficient scientific basis for establishing a 24-hour average P,M2.5 standard. 
The AQAC requested the OEHHA and A.RB staff to develop acc,eptable methodolo,gy for 
establishing a 24-hour PM25 standard and determined that the level and form of that 
standard. 

The resulting recormnendation was made. 

c PM.2.5 Who-s-average s:andard - Establish a new standard of25 pg/m3, not td be 
exceeded. 

The AQAC met on ApriI 3,2002 and unanimously endorsed this recommendation and 
the statistical form of the standard that was proposed. 

The specific comments of the AQAC on the draft document are appended to this letter. 

The AQAC is extremely appreciative of the responsiveness ar~I expertise of the the staffs 
of OEHHA and the ARB. We commend them on the excellent job they did in reviewing 
and summarizing the scientific literature in the complex area of particulate matter and in 
establishing a set of ambient air quality standards that will protect the health of 
California’s citizens and especially their chiidrer. . 

Sincerely, 

Air Quality Advisory Committee 

Cc: Bart Croes, Research Division 
Richard Bode, Research Division 
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Summary Comments of the Air Quality.Advisory- Committee 
The staffs of OEHHA and the ARB provided an excellent review of’the current literature 
relevant to the sources, transport and health effects of ambient PM. The review 
provided a firm basis for establishing the needs for PM air quality standards and the 
committee was unanimous in its appreciation of the effoti and diligence involved in 
producing the report. 

The Air Quality Advisory Committee (AQAC) provided comments on a chapter by 
chapter basis and also addressed specific overarching questions that were submitted to 
them during their review of the report. 

Children’s protection, with an adequate margin of safety, is of paramount importance to 
public health. While the measurable injury and morbidity may be small, the degree to 
which PM exposures early in life contribute to lung compromise later in life (i.e. effects 
may be cumulative) has not been adequately researched. in addition, children with 
chronic lung diseases such as bronchopuimonry dispiasia, asthma and cystic fibrosis 
may be at special risk but, with the possible exception of asthma, there has been little 
research effort in these areas. Since asthma affects nearly 10% of the child population, 
the effects of PM on this group is of special importance. Although commented on in the 
draft document, it is important to recognize that children have higher minute ventilation 
rates per unit lung volume than do adults, hence their lungs receive greater doses of 
inhaled particles than do adults for comparable exposures. 

The potential effects on children and the substantial evidence for short-term mortality 
and morbidity effects of PM in adults led this committee strongly identify that the major 
lacking of the report was the failure to set a 24-hour PM2.5 standard. The arguments 
for not having such a standard were judged to be weak. The specific justifications for 
considering that the justification was weak was addressed more fully, as per the specific 
comments below, and the comments were made available to the staffs of OEHHA and 
the ARB. The draft report had a very strong focus on mortality and certain chronic 
endpoints. Sufficient weight was not given to the large numbers of studies that provide 
data on short-term effects, including morbidity, that could have been considered as part 
of the basis for the 24 hour PM2.5 standard. The committee recommended that a priori 
criteria be established to guide decisions about the appropriate level and that a 24 hour 
PM25 standard be set. 

Specific Comments on the Draft Report: 

1. Executive Summary 

Page 2, line 13-4, There are fewer studies.. fl This statement is false .and needs to be 
corrected. 

2. introduction 

Regulations require that standards be reviewed when ‘substantial new information 
becomes available’ or at least once every 5 years. The committee suggests that some 
specific triggers for re-review might be new information on effects in susceptible 
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populations that might indicate erosion of margins of safety, or information bearing on 
the need for additional standards, e.g. a coarse particle standard (PM25IO).’ 

There are also data that suggest that ultrafine particles may be a size fraction that plays 
an important role in health effects. There are also metrics, other than mass of particles 
in a given size fraction, that might be better predictors of effects on health, including: 

l Aerosol Acidity 

l Aerosol Oxidant (peroxides, radicals) 

l Ames Test Activity 

l Polar and non-polar PAH 

e Ultrafine Component (I nm Z& 4.1 pm) * 

An integrative approach to standard setting should be developed. Such an approach 
would improve ability to identify possible interactions between pollutants that might 
impact on the level set for a particulate standard. Such an approach might make it 
easier to recognize whether there are un-needed redundancies in standards. For 
example, it might be determined that a separate sulfate standard is not needed in the 
future. The chapter should be expanded to delineate future possibilities and triggers. 

3. Physics and Chemistry of Particles 

Pg 9 L 38 ultrafine are usually defined as dp ~0.1 pm (100 nm). 

p. 12, I. 46, add reference Friedlander 20003 

4. Sources and Emission of Particles 

It would be useful to contrast the emission inventory in Figure 4.1 with a pie chart 
derived from source-receptor modeling to show the impact of atmospheric chemistry, 
particle deposition and secondary formation. 

5. Measurement of Particulate Matter 

The committee agrees with the recommendations for changes to Title 17, California 
Administrative Code, Sections 70100(j) and 70200 to delete the current Method P and 

’ Professor Philip Hopke (Clarkson University), who is the Chair of the U.S.E.P.A. Clean Air Scientific 
Advisory Committee (CASAC) provided the following statement “In the decision by the U.S. DC Circuit 
Court of Appeals in American Trucking Associations, Inc., et al. vs. United States Environmental 
Protection Agency (97-1440) the court ruled that PM10 is an inappropriate indicator for coarse particles 
since it is confounded by the presence of PM25 EPA has not appealed this portion of the decision and 
thus, a new NAAQS for coarse particles, PM(lO-2.5) will be promulgated in conjunction with the 
reconfirmation of the PM25 NAAQS. The proposal for measurement will be to use two side-by-side 
PM25 FRM samplers where the WINS impactor will be replace in one sampler with a straight tube. The 
difference between the two filter-based mass concentrations will be the measure of the coarse particle 
indicator. No decision has yet been made public as to the form or possible concentration ranges for this 
new PM coarse standard.” 
2 Xiong and Friedlander, “Morphological Properties of Atmospheric Aerosol Aggregates”, PNAS, Vol. 98, 
no. 21, pp. 11851-11856,200l 
3 Friedlander, S. K., Smoke, Dust and Haze: Fundamentals of Aerosol Dynamics, 2nd edition, New York, 
NY: Oxford University Press, 2000. 
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replace it with a new Method P “Measurement Method for Particulate-Matter in Ambient 
Air” Part I - Measurement of ,PMlO. and Part II - Measurement of. PM25 The 
committee also agrees with the recommended methods for adopting samplersthat meet 
the Federal Reference Method requirements for PM10 and PM2.5 and to include 
continuous monitors whose data can be integrated and can be shown to correlate with 
co-located FRM samplers. The phrase ‘high degree of statistical significance’ (pg 43, 
E39; pg 44 L 4) is ambiguous and a more quantitative expression should be used. 

The committee was especially supportive of the efforts being undertaken by ARB to 
validate continuous monitors. Continuation of these efforts is important because the 
possible health impacts of short-term, high level, excursions are not well understood 
and lack of adequate accurate short-term PM monitoring data is a primary reason for 
this. 

The issue of sampling artifacts was raised in discussions. These included losses of 
volatile components under some samp!ihg condition s and adsorption and conversion of 
gaseous species to particulate species on the surface of filters during sampling.4 The 
use of quartz filters to avoid sulfate artifacts may lead to an overestimation of PM 
because of adsorption of organic vapors5 The possible impact of artifacts on air 
monitoring data from filter samplers, and methods to reduce the impacts of artifacts, 
should be discussed more fully in Chapter 5. 

The committee makes the following recommendations: 

a. Continue to evaluate continuous PM monitors for coarse and fine PM fractions. 

b. Sample for coarse and fine PM separately, as opposed to using the difference 
between PM25 and PM1 0 filter weights. 

c. Evaluate commercial continuous sulfate monitors to determine if they eliminate 
potential artifacts. 

d. Chemical speciation should be performed to a much greater extent in California air 
samples. This data can be important for a number of reasons including source 
identifications using tracer, chemical mass balance and/or factor analytic methods. 
While the committee was split on whether chemical speciation would improve the 

4 Professor Freidlander has given the following example. The accumulation mode contains most of the 
aerosol water and serves as a site for sulfate formation by the SO2/H202 reaction. There is a possibility 
for additional sulfate formation in the aerosol filter used for sampling by reaction of SO2 and H202 which 
can dissolve in water containing aerosol already deposited in the filter. For example, consider the 
sequential passage through the filter of the parcels of gas, one high in SO2 concentration (from a power 
plant) and the other high in H202 (from vehicular emissions and photochemical processes). The gases 
may dissolve and react in the previously deposited water-containing aerosol. This would lead to artifact 
sulfate formation in the filter that might not have occurred in the air. In addition, the rate of diffusion from 
gas passing through the filter to collected aerosol is higher than the rate from a gas to a suspended 
particle because the diffusion rate increases with relative velocity between the gas and the deposited 
particles. Water vapor will continue to condense from the air on the deposited aerosol as the sulfate 
mass in the aqueous phase increases because of the hygroscopicity of the dissolved salts and polar 
organic compounds. 

5 Sioutas, personal communication, 2002 
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standard setting process, per se, it. was clearly in favor of having more extensive 
analyses of the’composition of ambient particles. . 

6. Exposure to Particles 

The figure captions and legends are not informative. Most of the figures were not 
numbered. Even careful reading of the text left considerable confusion. Size 
distributions commonly are graphed with particle size increasing along the X-axis. 
Average total mass should be shown with each of the pie diagrams so that both the 
mass as well as fraction can be estimated for separate aerosol components. 

Table 6.1 should also show annual arithmetic mean values, since this is the metric 
selected for the proposed standard. 

Tables 6.1 and 6.2 need an explanation of the meaning of ‘Max. Annual Avg.’ 

The differences in seasonal variation of PM10 and PM25 shown in the figures in this 
chapter need to be considered with respect to ability of PM10 regulations to also control 
PM2.5 exposures. The differences in sources and chemical composition underscore 
the importance of considering these separately with respect to setting regulations. 

PM compounds with considerable spatial variability, such as ultrafine PM, transition 
metals, polar or non-polar polycyclic aromatic hydrocarbons (PAH) or elemental carbon 
may be potentially far more important toxicologically than PM2.5 mass, which is 
relatively uniform, spatially. There is considerable spatial variability of these species 
within a metropolitan area, consequently individual exposures to any of these 
compounds or size ranges may vary substantially. For example, in Los Angeles, while 
PM2.5 and PM10 concentrations measured at various distances from highways (1 O-l 000 
meters) showed little spatial variability, particle number black carbon and organic 
carbon concentrations decreased rapidly with distance from highways (Zhu, et al., 
2001). If these compounds are toxicologically more important than PM mass, individual 
exposure (and ultimately dose) may differ by more than one order of magnitude 
(depending on where individuals reside or spend the majority of their time) in areas 
where stationary PM10 or PM2.5 monitors would indicate relatively uniform population. 
exposures- 

Furthermore, ambient PM10 or PM2.5 aerosol consists of particles in size ranges 
spanning over 3 orders of magnitude, with equally variable deposition rates (and sites) 
in the respiratory tract. Exposures to aerosols at different locations/seasons with 
different size characteristics would result in vastly different PM doses of the exposed 
population. The stationary PM2.5 or PM10 data provide an overly simplified estimate 
of exposure, which will inevitably lead to substantial errors and uncertainly in linking 
health outcomes to PM mass concentrations. 

The chapter summary (6.5.7) identifies various difficulties in using air quality monitoring 
central site data to develop and implement air quality standards. A ‘more explicit 
discussion should be added explaining how such uncertainties are dealt with in the 
standard setting process- 
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7. Health Effects of ~atiiculate Matter 

The chapter was written in a somewhat fragmentary way and so rather than try to 
comment in a narrative fashion as was done for most of the other chapters, the 
committee’s comments are provided on a page or section basis. 

Page 116, lines 10-l 1, ‘To the etienf that PM may be causally aelated to.. .“. This 
statement ignores the fact that there may be real weather effects which confound PM 
effects away from the null, particularly in the colder-PM season in California. A more 
circumspect statement is required here. 

Page 1 I?, lines 35-43, “In a separate sfwdy restricted to out-of-hospital. _ .“. The thesis of 
this paragraph is not supported by some studies (see Levy, ef al., Epidemiology, 2001). 

Therefore, this speculation needs to be tempered. This same comment applies to page 
129, lines 36-43. 

Page i3i, 3 rd buliet. This statement is too strong. *We reaiiy do not have a good 
qualitative estimate of the relative contribution of harvesting versus real shortening sf 
life based on short-term studies 

Page 142, lines 2-13. It also should be noted that cross-sectional studies are potentially 

compromised by survivor bias, which would tend to lead to an underestimate of effect. 

Page 143, lines 8 lines from bottom, “. *. these effecfs were somewhat greater than.. .“. 
This reason does not seem very cogent in terms of the. point being made. It would not at 
all be surprising if many years of exposure to PM carried a risk similar to that of 7 pack- 
years of smoking. 

Page 155, lines 28-33. This statement needs to be more circumspect. The exposure 
evidence, to date, is weak at best, in relation to exposures likely to be experienced 
under ambient conditions by humans. 

Page 163, lines 38-48. The argument here is not compelling. Moreover, the statement 
about the purpose of significance testing is simply \“lirong. The p-value expresses the 
long-range (i.e., over many repetitions of a study) of the probability of observing a result 
that actually observed, given some specified or unspecified null value. The p-value 
does not express the likelihood of results in a given study realization. A recent series of 
papers in Epidemiology on p-values should be consulted for a more useful discussion. 

Page 167, lines 18-l 9. The quoted relationship between level of exposure and precision 
is not a causal argument at all. This statement should be removed. There could be a 
number of non-causal reasons-e.g., differential accuracy of measurement of exposure. 

Page 770, L 46 Better justification for the assumption that ‘only the fine particle share of 
PM10 is toxic’ is required. The statement, per se, is not justifiable, scientifically and 
several papers are cited earlier that indicate that under some circumstances coarse PM 
is more toxic than fine PM. It would be useful to provide an analysis of the impact of 
that assumption on the level at which a standard should be set. 

Page 170, L43-48, Given the almost 70 papers cited in Table 7.1 the emphasis placed 
on a single (Krewski) study needs explanation and justification. It is also important to 
differentiate how the OEHHA analysis that arrived at an annual average PM25 
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standard of 12 /IS/m3 from the USEPA analysis that used the same data but arrived at a 
25 /IS/m3 annual average standard. 

Page 172-173-Risk Estimates. There were a number of concerns with this section- 

a. There needs to be a better explained rationale as to why 12 pg/m 3 was chosen as 
the level for the 24 hours standard. Why not II or 13 pg/m3 ? 

b. Improved methods for estimating the range of risk need to be incorporated into the 
standard setting process- Confidence intervals, although used by others, may not be 
appropriate. The use of a range of parameter estimates based on a variety of studies, 
preferably several that span the range of statistical approaches and study locations to 
quantitate the range of health effects that might be expected based on current data 
might be a better indicator. Expand the discussion on the potential effects of 
measurement error, and other sources of bias, on the estimates. The current discussion 
is sparse and excludes important papers such as Chen’s EHP, 1999 paper on the 
consequence of poor model fitting for the occurrence of bias in effect estimates. 

c. More emphasis should be placed on the respiratory morbidity effects in the risk 
assessment since they affect a large part of the population, especially children. 

d. Some discussion is needed to explain why the relative incidences of acute morbidity 
effects are less than one might expect from the mortality estimates. 

Page 174 L40 Can a % of population protected be suggested rather than ‘nearly all?’ 

Page 178, 2”d paragraph It should be stated that studies of PM effects on the upper 
respiratory tract are few and far between, hence the question of whether particles ~10 
pm in diameter (that mainly deposit in the URT) will cause effects is unresolved. The 
statement ‘not likely to cause serious health impacts’ is an overstatement. 

Page 179, Lines 30-34. The argument offered here as to why a 24 hour standard 
cannot be set does not make sense and is not consistent with the linear exposure- 
response relationship that has been observed across all short-term exposure time 
series studies. If the level of chronic exposure were confounding these effect estimates, 
it is hard to see how all of the studies would be consistent with a linear exposure- 
response function since each day’s deaths would be the result of some people who die 
from chronic exposure and some who die from acute exposure. One would expect that 
areas with high chronic exposure would have more deaths/day due to the chronic effect 
in addition to. those due to acute effects. On this basis, it is hard to see how a linear 
exposure-response relationship (on the log scale) would be observed across all short- 
term studies with varying levels of chronic exposure. Therefore this is not a valid 
argument for not setting a 24-hour PM2.5 standard. This same critique applies to the 
arguments on page 183, lines 26-30. 

Page 180, paragraph 2. The argument that mortality rates are greater per unit change 
in PM concentration for long term studies versus short term studies is questionable. 
Although the rate may be higher for long term effects, the day to day PM variation is an 
order of magnitude greater than the year to year variation. 

Page 181, Line 42-43 There are disconnects between PM1 0 and PM2.5 concentrations 
at some seasons of the year (as clearly shown in the figures in Chapter 6). It is not 
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clear that the short ‘term PM1 0 standard will ,adequately control PM25 daily 
concentrations. . 

Page 787, paragraph 1 The committee disagrees with the QEHHA conclusion to not 
recommend a short term (24-hr) PM25 standard. As discussed in detail above, there 
are several arguments put forth but the committee felt that an adequate scientific 
rationale does exist for including a 24-hr PM25 standard in the recommendations. 

Data on 4 major potential mechanisms (lung injury, inflammation, increased blood 
coagulation, and cardiac arrhythmias) suggest important short term effects. 

8. Welfare Effects of Particulate Matter 

The committee did not comment on welfare effects since our charge was the health 
effects basis for PM standards. The Chapter, however was a useful review of the topic. 

9. Controls and Regulation of Particulate Matter 

The summary of existing controls was not commented on. Again this provided a useful 
review of existing standards and controls. 

10. Quantifying the Adverse Health Effects of Particulate Matter 

Given the extensive list of morbidity outcomes that have. been established and the large 
numbers of people affected, the emphasis on mortality as the sole rationale for PM 
standards seems unbalanced. The committee recommends that some method for 
integrating all of the health effect data into the process of arriving at protective air quality 
standards is needed. 

Following submission of the initial AQAC comments to the staffs of QEHHA and the 
ARB, a reanalysis of the 24-hour PM25 standard was conducted. In developing a 
recommendation, the OEHHA and ARB staff: 

. used statistical methods to examine the shape of the exposure-response 
relationships using two California data sets, and compared the results with those 
reported for other non-California data sets; 

* tabulated the results of all time-series studies published in English, for which direct 
PM2.5 monitoring data were available, that have explored associations between low 
levels of ambient PM25 and daily mortality; and 

0 examined, with technical assistance from ARB staff, the upper tai! of the PM2.5 
distribution in California consistent with an annual average of 12 ug/m3 , based on data 
collected throughout California in 1999 and 2000. 

Based on the results of these analyses, OEHHA recommended that the 24-hour 
PM2.5 standard be established at a level of 25 pg/m3 , not to be exceeded. The 
adoption of the recommendation for an annual PM2.5 standard of 12 ug/m3 was 
considered to be an integral component of the proposal. 

The AQAC had been concerned that the proposed standard based on attaining a 12 
ug/m3 annual average did not adequately protect against brief (i.e., one to several days) 
increases in PM25 levels. It was recognized that attainment of the recommended 
annual standard would help shift the entire PM2.5 distribution to the left, and would 

.i.- 
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influence peak concentrations. The committee indicated that a 24-hour standard would 
better protect Californians against significant short-term ‘elevations of PM25 

The committee met in a public forum on April 3, 2002 to discuss the proposed. 25 pg/m3 
PM25 24-hour standard. The AQAC endorsed the both the proposed standard and the 
process used to arrive at the standard. The committee agreed that the “not to exceed” 
form of the standard was appropriate. 

This standard, in the AQAC’s opinion, represents a balance between some competing 
issues. For example, in some areas, the 24-hour standard may dominate over the 
annual standard. However this competes with the need for the standards to provide an 
adequate margin of safety (as demanded by the legislature) and to take into account the 
potentially greater susceptibility of children to the effects of PM. 

Specific Questions Addressed by the Committee 
I _ Have the key studies relevant to the recommendations been identified and 

appropriately interpreted? Are there any critical studies (published prior to 8/l/01) 
that have been omitted from review in this draft recommendation? Reviewers 
should bear in mind that the scientific foundation for the recommendations 
represents a focused evaluation of the critical literature, not an exhaustive 
compendium of all potentially relevant research. 

The OEHHA Staff has attempted a critical review of a very large, complex, and 
dynamic field involving different disciplines. The draft document is provides 
excellent reviews of current literature on PM exposure, epidemiology and toxicology. 
This does not mean that there are not major uncertainties and issues that need to be 
resolved about the toxic effects of PM, but the available (and quite exhaustive) 
literature has been properly reviewed and cited. 

2. Have susceptible subpopulations been appropriately identified? Are there other sub- 
populations that may be at least as sensitive to PM exposure as those identified in 
the document? Is the scientific evidence related to infants and children correctly 
interpreted? 

Diabetics should be considered. In several single-city studies, the risk of PM- 
associated hospital admissions for heart disease for diabetics was double that for 
the general population (Zanobetii and Schwartz, 2001b; Zanobetti and Schwartz, 
2001 c). In addition, diabetics were found to have an increased risk of PM- 
associated mortality (Bateson and Schwartz, 2001). The scientific evidence 
regarding children and infants should also be considered beyond the immediate 
health effects- The impact on their caregivers (lost time from work and financial 
issues) and lost time from education could have significant societal effects. 

3. Is there additional critical information that should be considered in estimating PM- 
related impacts on public health? 

Yes. The PM impacts on public health are estimated assuming population-based 
exposure models and PM mass concentrations measured at single outdoor 
monitoring sites as surrogates of population exposures to ambient air PM. The 
extent to which outdoor measurements accurately reflect PM exposures has been 
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the subject of considerable scientific debate. Results from early exposure studies 
such as those‘ conducted as part .of ‘the Harvard Six Cities Study. and the EPA 
Particle Total Exposure Assessment Methodology (PTEAM) Study, for- example, 
suggested that personal PM exposures might differ substantially from outdoor 
concentrations due to contributions from indoor sources. 

The link between central site and personal exposures need to be better defined and 
should be considered in future standard evaluations. 

Also, as mentioned in the specific comments, above, the temporal and spatial 
variations in components of PM may significantly modify dose and biological 
responses. This is not given sufficient weight in the current standard setting 
process. 

4. Have the uncertainties concerning the health effects of exposure to PM been 
adequately described? 

Major uncertainties that could be better discussed include the influence of indoor 
exposures, the link between central site and personal exposures, and the spatial and 
temporal variation in concentrations of toxic PM components. 

5. Have potential differential exposure patterns among infants and children been 
examined suificiently in the document? 

There are very scant data on this topic. This should be an area for additional 
research. 

6. Is the overall approach to developing the recommendations for ambient PM 
standards transparent and appropriate? Specifically, are the recommendations for 
PM ambient air quality standards for California adequately supported by the 
underlying scientific rationale, specifically the: 

annual average for PM1 O? 

annual average for PM2.5? 

24-hr average for PM1 O? 

24-hr average for sulfates? 

The committee endorsed the recommendations for above four standards for the 
current period. There was discussion of the need for a future evaluation of the 
possibility that there is overlap between PM standards and the sulfate standard, to 
the extent that the sulfate standard might be considered redundant. 

7. Given the state of the science, do you concur with QEHHA staff that there is 
insufficient evidence at present to develop a 24-hr average (or other short-term) 
standard for PM2.5? 

The committee recommended that a 24-hr PM25 standard be developed. This was 
accomplished and reviewed by AQAC on April 3, 1002. AQAC endorsed the new 
recommendation. 

8. What do you see as the most important research issues to be addressed prior to the 
next cycle of review for PM? 
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Evaluate regional .differences in relationships between PM and gaseous co- 
pollutants; 

Characterize short-term PM exposures using validated continuous monitors; 

Speciate PM (metals, EC/OC, PAH’s, NO& 

Characterize ultrafine exposures (Indoor, Outdoor, personal); 

Validate new or improved monitoring techniques, especially continuous monitors of 
PM2.5, .PMlO, coarse PM, sulfates that will allow specific questions to be addressed 
as to the most relevant.averaging times for health-based particle standards; 

Increase our understanding of respiratory dosimetry and particle fate and transport 
in infants and children; 

Expand the base of studies on susceptibility of diabetics; 

Evaluate the relationship and mechanism of PM exposure and prenatal/neonatal 
health effects; 

Determine relationship(s) between ultrafine and coarse particulates versus different 
health outcomes; 

Define health effects/mechanisms of coarse, fine, and ultrafine PM and co- 
pollutants; 

Examine effects and mechanisms in cardiovascular subjects exposed to different 
size cuts of particles; 

Explore the roles of different chemical or metal constituents of PM in causing health 
effects. 

Using already established PM source emissions profiles and new state-of-the-art 
personal monitoring techniques, assess degree to which specific outdoor sources 
contribute to personal PM concentrations. 

As control strategies are implemented to achieve the proposed standards,. it will be 
important to determine whether or not children and adults living in less affluent, more 
highly polluted, communities are receiving adequate benefit and protection. 

Our knowledge of the intractive effects of pollutants is inadequate for the 
development of comprehensive air quality improvement measures. The research 
base must be expanded and supported. 
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Staff Responses-to Comments from Members of the Air Quality 
Advish-y Committee 

The Air Quality Advisory Committee (AQAC) held public meetings in January and April, 2002 in order 
to review and consider public input on the recommendations in the draft PM report entitled “Review of 
the California Ambient Air Quality Standards for Particulate Matter and Sulfates.” The Committee 
submitted their comments to the Air Resources Board (Board) and Office of Environmental Health 
Hazard Assessment (OEHHA) for response. The following is an overview of the written and oral 
comments provided by the members of the AQAC, and the corresponding responses from staff from 
the Board or OEHHA. Comments that address specific sections of the draft PM report, are referenced 
by page and line number, where appropriate. 

We thank the AQAC for the time and effort each of its members dedicated to reviewing this document 
in order to ensure that its contents are based on a foundation of sound science and that the findings 
and recommendations contained within the report are protective of public health. 

CHAPTER I: EXECUTIVE SUMWARY 

1. COMMENT: Page 2, line 13-4, “there are fewer &dies.. “This statement is false and needs to be 
corrected. RESPONSE: The statement in these lines of text suggests that there are fewer 
studies available on the mortality and morbidity effects associated with short-term exposures to 
PM than long-term exposure. The statement has been removed, in light of recent decisions, and 
the text has been revised to support the PM25 24-hour standard recommendation, based on 
short-term health effects. 

CHAPTER 2: liVTRC1DUC77CM 

2. COMMENT: Regulations require that standards be reviewed when ‘substantial new information 
becomes available’ or at least once every 5 years. The Committee suggests that some specific 
triggers for review might be new infonnation on effects in susceptible populations that might 
indicate erosion of margins of safety, or information bearing on the need for additional standards, 
e.g. a coarse particle standard (PM2510). There are also data that suggest that ultrafine 
particles may be a size fraction that plays an important role in health effects. There are also 
metrics, other than mass of particles in a given size fraction, that might be better predictors of 
effects on health, including: aerosol acidity; aerosol oxidant (peroxides, radicals); Ames Test 
activity; and ultrafine component (1 nm Id, 10.1 pm) . An integrative approach to standard setting 
should be developed. Such an approach would improve ability to identify possible interactions 
between pollutants that might impact on the level set for a particulate standard. Such an approach 
might make it easier to recognize whether there are un-needed redundancies in standards. For 
example, it might be determined that a separate sulfate standard is not needed in the future. The 
chapter should be expanded to delineate future possibilities and triggers. RESPONSE: These 
informative suggestions will be taken under advisement when we plan the next PM and sulfates 
standards review process. 

CHAPTER 3: PHYSICS AND CHEMISTRY OF PARTICLES 

3. COMMENT: Page 9, line 38, “ultrafine” particles are usually defined as dp 50.1 pm (100 nm). 
Page 12, line 46, add reference to Friedlander 2000. RESPONSE: These corrections have been 
made. 
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CHAPTER 4: SOURCES AND EMISSION OF PARTICLES 

4. COMMENT: It woild be useful to’contrdst the emission inventory in Figure 411 with a pie chart 
derived from source-receptor modeling to show the impact of atmospheric chemistry, particle 
deposition and secondary formation. RESPONSE: One of the problems that may arise in 
attempting to perform this task is that the inventory pie chart, which is statewide and annual, would 
be difficult to pair with a chemical mass balance (CMB) pie chart that would be local and seasonal 
based on the data available. 

CHAPTER 5: MEASUREMENT OF PARTICULATE MAfTER 

5. COMMENT: The Committee agrees with the recommendations for changes to title 17, California 
Code of Regulations, sections 70100(j) and 70200 to delete the current Method P and replace it 
with a new Method P “Measurement Method for Particulate Matter in Ambient Air” Part I - 
Measurement of PM10 and Part II - Measurement of PM25 The Committee also agrees with the 
recommended methods for adopting samplers that meet the Federal Reference Method 
requirements for PM10 and PM2.5 and to include continuous monitors whose data can be 
integrated and can be shown to correlate with co-located FRM samplers- The phrase ‘high degree 
of statistical significance’ (page 43, line39; page 44, line 4) is ambiguous and a more quantitative 
expression should be used. RESPONSE: A more quantitative description has been included in 
the revised text. 

6. COMMENT: The Committee is especially supportive of the efforts being undertaken by ARB to 
validate continuous monitors. Continuation of these efforts is important because the possible 
health impacts of short-term, high level, excursions are not well understood and lack of adequate 
accurate short-term PM monitoring data is a primary reason for this. 

The issue of sampling artifacts was raised in discussions- These included losses of volatile 
components under some sampling conditions and adsorption and conversion of gaseous species 
to particulate species on the surface of filters during sampling. The use of quartz filters to avoid 
sulfate artifacts may lead to an overestimation of PM because of adsorption of organic vapors. 
The possible impact of artifacts on air monitoring data from filter samplers, and methods to reduce 
the impacts of artifacts, should be discussed more fully in Chapter 5. RESPONSE: A more 
detailed discussion has been included in the revised Chapter 5. 

7. COMMENT: The Committee makes the following recommendations: 

a) Continue to evaluate continuous PM monitors for coarse and fine PM fractions. 

b) Sample for coarse and fine PM separately, as opposed to using the difference between PM25 
and PM1 0 filter weights. 

c) Evaluate commercial continuous sulfate monitors to determine if they eliminate potential 
artifacts. 

d) Chemical speciation should be performed to a much greater extent in California air samples. 
These data can be important for a number of reasons including source identifications using 
tracer, chemical mass balance and/or factor analytic methods. While the Committee was split 
on whether chemical speciation would improve the standard setting process, per se, it was 
clearly in favor of having more extensive analyses of the composition of ambient particles. 
RESPONSE: While we are unable to incorporate them into this round of review, we will 
consider them the next time the PM and sulfates standards are reviewed. 

CHAPTER 6: EXPOSURE TO PARTlCLES 

8. COMMENT: The figure captions and legends are not informative. Most of the figures were not 
numbered. Even careful reading of the text left considerable confusion. Size distributions 
comzonly are graphed with particle size increasing along the X-axis. Average total mass should 
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be shown with each of the pie diagrams so that both the mass as well as fraction can be estimated 
for separate aerosol components. -RESPONSE: The figures and graphs have been reviewed and 
revised, where appropriate, for clarity. 

9. COMMENT: Table 6.1 should also show annual arithmetic mean values, since this is the metric 
selected for the proposed standard. Tables 6.1 and 6.2 need an explanation of the meaning of 
‘Max. Annual Avg.’ RESPONSE: The text has been revised to clarify this issue. 

10. COMMENT: The differences in seasonal variation of PM10 and PM25 shown in the figures in 
chapter 6 need to be considered with respect to ability of PM10 regulations to also control PM2.5 
exposures, The differences in sources and chemical composition underscore the importance of 
considering these separately with respect to setting regulations. 

PM compounds with considerable spatial variability, such as ultrafine PM, transition metals, polar 
or non-polar polycyclic aromatic hydrocarbons (PAH) or elemental carbon may be potentially far 
more important toxicologically than PM25 mass, which is relatively uniform, spatially. There is 
considerable spatial variability of these species within a metropolitan area, consequently individual 
exposures to any of these compounds or size ranges may vary substantiaiiy. For exampie, in Los 
Angeles, while PM 2.5 and PMlo concentrations measured at various distances from highways (IO- 
1000 meters) showed little spatial variability, particle number black carbon and organic carbon 
concentrations decreased rapidly with distance from highways (Zhu. et al., 2001). If these 
compounds are toxicologically more important than PM mass, individual exposure (and ultimately 
dose) may differ by more than one order of magnitude (depending on where individuals reside or 
spend the majority of their time) in. areas where stationary PM1 0 or PM25 monitors would indicate 
relatively uniform population exposures. 

Furthermore, ambient PM10 or PM2.5 aerosol consists of particles in size ranges spanning over 3 
orders of-magnitude, with equaijy variable deposition rates (and sites) in the respiratory tract. 
Exposures to aerosols at different locations/seasons with different size characteristics would result 
in vastly different PM doses of the exposed population. The stationary PM2.5 or PM10 data 
provide overly simplified estimates of exposure, which will inevitably lead to substantial errors and 
uncertainly in linking health outcomes to PM mass concentrations. RESPONSE: It is important to 
point out that control measures are not part of the standard setting process; however, they do play 
a role and are taken into consideration in subsequent activities related to planning and attainment. 
However, we agree that characterizing uncertainty associated with measurements, seasonal 
variation, exposure characterization, and spatial and temporal variation is a very important part of 
the overall process. It is the goal of APB and QEHHA to identify, characterize, and attempt to 
reduce and address these uncertainties in the most accurate manner possible as well as continue 
to focus on these uncertainties in future research, standard reviews, control and attainment 
processes, in order to ensure the protection of public health. 

1-I. COMMENT: The chapter summary (6.5.7) identifies various difficulties in using air quality 
monitoring central site data to develop and implement air quality standards. A more explicit 
discussion should be added explaining how such uncertainties are dealt with in the standard 
setting process. RESPONSE: Sections 6.5.1 and 6.5.3 have been revised to provide a fuller 
description of the relationships between ambient and personal exposure. However, the section 
cited, 6.5.7, does not discuss the issue raised. Given the complex and variable relationship 
between ambient and personal exposure, along with the paucity of data available, ambient air 
quality standards are based on exposure estimates obtained from central site monitors- 
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CHAPTER 7: HEALTH EFECTS OF PARTICULATE MAnER 

12. COMMENT: Page 116, Lines IO-I 1, ‘To fhe extent that PM may be causal/v related to.. .” This 
statement ignores the fact that there may be real weather effects which confound PM effects away 
from the null, particularly in the colder-PM season in California. A more circumspect statement is 
required here. RESPONSE: The text has been modified taking this comment into account and 
now reads as follows: “To the extent that PM may be causally related to mortality and correlated 
as well with these meteorological variables, these multiple statistical controls could result in an 
underestimate of the effects of PM, though residual confounding by weather factors might also 
bias the PM effects away from the null hypothesis of no effect.” 

13. COMMENT: Page 117, Lines 35-43, “In a separate study restricted to out-of-hospital.. -” The 
thesis of this paragraph is not supported by some studies (see Levy, et al., Epidemiology, 2001). 
Therefore, this speculation needs to be tempered, This same comment applies to page 129, lines 
36-43. RESPONSE: The following sentences were added to the paragraph quoted above (Draft, 
p. 117, lines 35-43) to respond to the concern expressed: “However, deaths occurring among 
those outside of a hospital may represent individuals who are frail or without health insurance, or 
both. In contrast to the results reported by Schwartz et al. (1994b), Levy et al. (2001) did not find 
any association between PM10 and the incidence of primary cardiac arrest using a case- 
crossover analysis. This study, though, involved a small number of cases in Seattle, where 
relatively low levels of PM occurred during the study period [1988-1994, mean PM10 = 31.9 
pg/m3, mean PM2.5=18.4 pg/m3].” 

The text on Draft, p. 129, has likewise been tempered in that we now refer to the “possibility’ 
instead of “likelihood” of significant loss in life expectancy being “suggested” as opposed to 
“reinforced” by studies of out-of-hospital deaths. 

14. COMMENT: Page 131, 3rd bullet. This statement is too strong. We really do not have a good 
qualitative estimate of the relative contribution of harvesting versus real shortening of life based on 
short-term studies- RESPONSE: The text has been modified, and now reads as follows: “Study 
results suggest that some, and perhaps a large fraction of, mortality associated with acute 
exposure is not the result of just a few days of life shortening.” In the prior Draft the text had read: 
“The results indicate that much mortality associated _. -n. 

15. COMMENT: Page 142, Lines 2-13. It also should be noted that cross-sectional studies are 
potentially compromised by survivor bias, which would tend to lead to an underestimate of effect. 
RESPONSE: The following sentence has been added to the text, following the text indicated in the 
comment: “Moreover, in cross-sectional studies people who may have died from exposure-related 
illness are not included in the analysis. This “survivor bias” tends to underestimate effects of 
exposures (assuming that such effects exist). 

16. COMMENT: Page 143, 8 lines from bottom, “. . . these effects were somewhat greater than.. .” This 
reason does not seem very cogent in terms of the point being made. It would not at all be 
surprising if many years of exposure to PM carried a risk similar to that of 7 pack-years of 
smoking. RESPONSE: The phrase referred to in the comment has been deleted. 

17. COMMENT: Page 155, Lines 28-33. This statement needs to be more circumspect. The 
exposure evidence, to date, is weak at best, in relation to exposures likely to be experienced 
under ambient conditions by humans. RESPONSE: In response to this comment, as well as to 
several received from the public, the text has been modified to reflect a more tentative position 
regarding the strength of the evidence of systemic effects from exposure to ambient particles. The 
modified text reads as follows: “Taken together, these data suggest that inhalation of different 
sources of particles may initiate inflammatory events in human lungs, with some (albeit sparse) 
evidence of systemic impacts, including stimulation of bone marrow to accelerate production of 
inflammatory cells to respond to the pulmonary insult. However, these observations are subject to 
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the caveat that the results observed in the high-dose animal and in vitro experiments, as well as in 
the controlled human exposures, may or ,may not be directly applicable to humans exposed to 
ambient PM.” 

18. COMMENT: Page 163, Lines 38-48. The argument here is not compelling. Moreover, the 
statement about the purpose of significance testing is simply wrong. The p-value expresses the 
long-range (i.e., over many repetitions of a study) of the probability of observing a result that 
actually observed, given some specified or unspecified null value. The p-value does not express 
the likelihood of results in a given study realization. A recent series of papers in Epidemiology on 
p-values should be consulted for a more useful discussion. RESPONSE: Several changes were 
made in the text referred to in the comment, and an additional paragraph was added to reflect the 
concerns expressed. 

d9. COMMENT: Page 167, Lines 18-19. The quoted relationship between level of exposure and 
precision is not a causal argument at all. This statement should be removed. There could be a 
number of non-causal reasons-eg., differential accuracy of measurement of exposure. 
RESPONSE: We have modified the text in response to this comment. Nondifferential, 
independent misclassification of either disease or exposure results in a bias towards the null 
hypothesis of no effect. Reduction of such misclassification, assuming that a causal relationship 
exists, should have the opposite effect. The comment raises the issue that a change in the 
strength of association accompanying a more precise measure of disease or exposure, either 
within or between studies, may be due to a change in something else such as measurement error, 
which would represent a noncausal explanation. Thus, to clarify the text in the Draft, we have 
added the caveat that, with eveMhins else held eaual, increasing the precision of measurement 
(and thereby decreasing the measurement error), would increase the strength of association, 
assuming.that one is deaiing with a causal relationship. .-. 

20. COMMENT: Page 170, Line 46. Better justification for the assumption that ‘only the fine particle 
share of PM10 is toxic’ is required. The statement, per se, is not justifiable, scientifically and 
several papers are cited earlier that indicate that under some circumstances coarse PM is more 
toxic than fine PM. It would be useful to provide an analysis of the impact of that assumption on 
the level at which a standard should be set. RESPONSE: Our justification for this assumption in 
the benefits analysis is the evidence provided by Krewski et al. (2000) in their reanalysis of the 
ACS cohort. The adjustment was based on the re-analysis of the ACS data set by Pope and 
others cited in Krewski et al. (2000), which shows that for long-term exposure, coarse particles 
were not associated with mortality. As explained in the text, this is a conservative approach, 
which may lead to an underestimate of the effects. 

21. COMMENT: Page 170, Lines 43-48. Given the almost 70 papers cited in Table 7.1 the emphasis 
placed on a single (Krewski) study needs explanation and justification. It is also important to 
differentiate how the OEHHA analysis that arrived at an annual average PM2.5 standard of 12 
/IS/m3 from the USEPA analysis that used the same data but arrived at a 25 pg/m3 annual average 
standard. RESPONSE: The many papers referenced in Table 7.1 refer to acute effects of PM, 
whereas the Krewski et al. (2000) report is an exhaustive re-analysis of the two major studies of 
the chronic impacts of exposure to PM: the Harvard Six Cities study reported by Dockery et al. 
(1993) and the American Cancer Society Cohort reported by Pope et al. (1995). These are all 
described in the paragraphs in this section and in Section 7.4 “Chronic Exposure- Mortality.” As 
noted in the Draft a couple of sentences prior to those referred to in the comment, “As reviewed in 
Sections 7.3 and 7.4, both short-term (daily or multi-day) and long-term (a year to several years) 
exposures to PM have been associated with mortality. Long-term exposure estimates are 
preferable since they include the effects of both long and short-term exposure and clearly 
represent a significant reduction in life expectancy.“ We believe that this explanation is clear and 
therefore have not modified the text in response to this comment. Moreover, the USEPA actually 
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22. 

proposed a 15 pg/m3 an.nual average standard for PM2.5, not 25 pg/m3. Ultimately, the decision 
regarding the level‘for any standard depends on the relative weights one. wishes to accord to 
different studies, and how one deals with uncertainty. We cannot claim to know all of the thinking 
that went into the formulation of the USEPA’s annual PM2.5 standard. However, as discussed in 
the document, there are a few studies linking PM2.5 with mortality and morbidity, in which the 
long-term mean concentrations were below 15 pg/m3 PM2.5. 

COMMENT: Page 172-173-Risk Estimates- There were a number of concerns with this section. 
a. There needs to be a better explained rationale as to why 12 pg/m3 was chosen as the level for 
the 24 hours standard. Why not 11 or 13 ug/m3? b. Improved methods for estimating the range of 
risk need to be incorporated into the standard setting process. Confidence intervals, although 
used by others, may not be appropriate. The use of a range of parameter estimates based on a 
variety of studies, preferably several that span the range of statistical approaches and study 
locations to quantitate the range of health effects that might be expected based on current data 
might be a better indicator. Expand the discussion on the potential effects of measurement error, 
and other sources of bias, on the estimates. The current discussion is sparse and excludes 
important papers such as Chen’s EHP, 1999 paper on the consequence of poor model fitting for 
the occurrence of bias in effect estimates- c. More emphasis should be placed on the respiratory 
morbidity effects in the risk assessment since they affect a large part of the population, especially 
children. d. Some discussion is needed to explain why the ,relative incidences of acute morbidity 
effects are less than one might expect from the mortality estimates. RESPONSE: (a) We have 
provided a detailed rationale for the selection of 12 pg/m3 in the recommendations section and 
have added two figures to make the argument more transparent. As we have indicated in the text, 
however, there is no clear zero-risk bright line. This concentration is below the means of the 
studies that have found important associations between PM2.5 and both mortality and morbidity. 
Specifically, consideration of a standard at 12 pg/m3 places significant weight on the long-term 
exposure studies using the ACS and Harvard Six-Cities data (Dockery et al., 1993; Pope et al., 
1995; Krewski et al., 2000). In these studies, robust associations were reported between long-term 
exposure to PM25 and mortality. The mean PM2.5 concentration was 18 pg/m3 (range of 11 .O to 
29.6 pg/m3) in the Six-Cities study and 20 pg/m3 (range of 9.0 to 33.5 pgln?)-in the ACS study 
(see Figure 7.6). Thresholds were not apparent in either of these studies. In the Dockery et al. 
study, the relative risks are similar to the cities at the lowest long-term PM2.5 concentrations of 11 
and 12.5 pg/m3. Larger increases in risk don’t occur until the long-term PM2.5 mean equals 14.9 
pg/m3. Therefore, an annual standard of 12 pg/m” would be below the mean of the most likely 
effects level and would provide a margin of safety. Targeting a long-term mean PM2.5 
concentration of 12 pg/m3 would also place some weight on the results of multiple daily exposure 
studies examining relationships between, PM2.5 and adverse health outcomes (Table 7.2). These 
studies have long-term (three- to four-year) means in the range of 13 to 18 pg/m3. A standard set 
at 12 pg/m3 provides additional protection against mortality in adults associated with long-term 
exposure, as well as against a variety of morbidity effects in children (described in Section 7.6, 
above). In the opinion of OEHHA staff, an annual PM2.5 standard of ‘I2 pg/m3 would be likely to 
provide adequate protection of public health, including that of infants and children, against 
adverse effects of long-term exposure. (b) Depending on the health endpoint that is estimated, 
the confidence intervals reflect both the statistical uncertainty in a given study and the range of 
effects over several studies. In general, we have tried to use and adapt the analysis of benefits 
conducted by the U.S. EPA in its report to Congress, since that report has already undergone 
scientific peer review. (c) Many of the respiratory morbidity effects are included in the full analysis 
of the benefits of reducing PM provided in Chapter 10. We have simply discussed a subset of the 
endpoints in this section. (d) The results are a straightforward application of the results of the 
existing epidemiological studies and existing health outcome as reviewed in detail by U.S. EPA in 
its report to Congress. The effects estimated are a product of the exposed population, the risk per 
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unit and the change in air pollution. Measurement errors, difficulty in ascertainment, and sample 
selection bias could all affect the final risk.estimates. 

23. COMMENT: Page 174 Lines 40. Can a % of population protected be suggested rather than 
‘nearly all?’ RESPONSE: At this point, we do not have adequate information to precisely 
determine the number of people in each subgroup that would be protected. Unfortunately, there is 
uncertainty about both the specific subgroups that may be sensitive as well as the number of 
people currently in each of the subgroups (i.e., the number of asthmatic children in California, or 
the number of frail elderly people with heart disease). Therefore, we are implying that by setting 
standards below the concentrations where health effects have been shown to occur, we are 
providing protection for a large segment of the population. 

24. COMMENT: Page 178, 2nd paragraph. It should be stated that studies of PM effects oh the upper 
respiratory tract are few and far between; hence the question of whether particles 110 pm in 
diameter (that mainly deposit in the URT) will cause effects is unresolved. The statement ‘not 
likely to cause serious health impacts’ is an overstatement. RESPONSE: We have modified the 
text to delete the phrase of concern, and to take into account the relative paucity of studies of the 
impact of particle deposition in the extrathoracic region. 

25. COMMENT: Page 179, Lines 30-34. The argument offered here as to why a 24 hour standard 
cannot be set does not make sense and is not consistent with the linear exposure-response 
relationship that has been observed across all short-term exposure time series studies. If the level 
of chronic exposure were confounding these effect estimates, it is hard to see how all of the 
studies would be consistent with a linear exposure-response function since each day’s deaths 
would be the result of some people who die from chronic exposure and some who die from acute 
exposure. One would expect that areas with high chronic exposure would have more deaths/day 
due to the chronic effect in addition to those due to acute effects. Qn .this, basis, it is hard to see 
how a linear exposure-response relationship (on the log scale) would be observed across all 
short-term studies with ,varying levels of chronic exposure. Therefore this is not a valid argument 
for not setting a 24-hour PM25 standard. This same critique applies to the arguments on page 
A83, lines 26-30. RESPONSE: The revised document now includes a recommendation for a 24- 
hr PM25 standard of 25 pg/m3, not to be exceeded. 

26. COMMENT: Page 180, paragraph 2. The argument that mortality rates are greater per unit 
change in PM concentration for long term studies versus short term studies is questionable. 
Although the rate may be higher for long term effects, the day to day PM variation is an order of 
magnitude greater than the year to year variation. RESPONSE: We have calculated the effects of 
moving from current concentrations to the standards. To do so, we assume that the annual 
change is made up of 365 similar daily changes. Given the linearity of the functions, however, this 
assumption is not biasing the results. Therefore, we are applying the evidence that a IO pg/m3 
change would generate a larger effect from the studies of long-term exposure than from the short- 
term exposure. While short-term exposures certainly have greater variation over the year, they 
will be made up of some very small or zero changes and some large changes. 

27, COMMENT: Page 181, Line 42-43. There are disconnects between PM10 and PM25 
concentrations at some seasons of the year (as clearly shown in the figures in Chapter 6). It is not 
clear that the short term PM10 standard will adequately control PM25 daily concentrations. 
RESPQNSE: The revised document now includes a recQ!mX?ndatiQn for a 24-hr PM2.5 standard 
of 25 pg/m3, not to be exceeded. 

28. COMMENT: Page 187, paragraph 1. The committee disagrees with the OEHHA conclusion to not 
recommend a short term (24-hr) PM25 standard. As discussed in detail above, there are severai 
arguments put forth but the committee felt that an adequate scientific rationale does exist for 
including a 24-hr PM2.5 standard in the recommendations. Data on 4 major potential 
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mechanisms (lung injury; inflammation, increased blood coagulation, and cardiac arrhythmias) 
suggest important shot--term effects RESPONSE: The revised document now includes a 
recommendation for a 24-hr PM25 standard of 25 pg/m3, not to be exceeded. 

29. COMMENT: Given the extensive list of morbidity outcomes that have been established and the 
large numbers of people affected, the emphasis on mortality as the sole rationale for PM 
standards seems unbalanced. The committee recommends that some method for integrating all 
of the health effect data into the process of arriving at protective air quality standards is needed. 
RESPONSE: We have revised the recommendations section so it is clear that the proposed 
standards will generate reductions in morbidity, as well as mortality. This is also reflected in the 
full analysis of benefits provided in Chapter 10. 

CHAPTER 8: WELFARE EFFECTS OF PARTICULATE MATTER 

30. COMMENT: The Committee did not comment on welfare effects since our charge concerns the 
health effects basis for PM standards. The Chapter, however was a useful review of the topic. 

CHAPTER IO: QUANTlFYilNG THE ADVERSE HEALTH EFFECTS OF PARTICULATE MATTER 

31. COMMENT: Given the extensive list of morbidity outcomes that have been established and the 
large numbers of people affected, the emphasis on mortality as the sole rationale for PM 
standards seems unbalanced. The Committee recommends that some method for integrating all 
of the health effect data into the process of arriving at protective air quality standards is needed. 
RESPONSE: We are in agreement with the need for balancing the rationale for standards 
between morbidity and mortality outcomes- However, this chapter does provide discussion related 
to morbidity effects, specifically pages 267 through 277 (Section 10.155 through Section 
10-l-5.7), as well as Tables 10.4 through 10.10. Also note that the text in Chapter 10 is now 
contained within Chapter 9. 
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Written comments were received from the following individuals and groups: 

a. 

2. 

3. 

4. 

r; v. 

6. 

7. 

8. 

9. 

American Lung Association of California, American Lung Association, Natural Resources 
Defense Council, Environmental Working Group, Committee for Law, Air, Water and 
Species, Transportation Solutions Defense and Education Fund (January 11, 2002) 

Golden Gate University Environmental Law and Justice Clinic, Bayview Hunters Point 
Community Advocates, Bluewater Network, Communities for a Better Environment, Qur 
Children’s Earth Foundation (January 11, 2002) 

Western States Petroleum Association (January 11, 2002) 

Engine Manufacturers Association (January 11,2002) 

Center for Energy Efficiency and Renewab!e Techno!ogies (Januas;r 8, 2002) 

The Sierra Club (January 8,2002) 

Environmental Defense (January 1 I I 2002) 

Marc Chytilo, Esq. re,presenting unspecified groups (December 11, 2001) 

Renee Sharp representing the Environmental Working Group (December 12 ~ 2002) 

10. Imperial County Air Pollution Control District (December 20, 2001) 

11. Ford Motor Company (January 9,2002) 

12.Alliance of Automobile Manufacturers (January 10, 2002) 

13. Frederick W. Lipfert, Ph.D. representing himself (January 9, 2002) 

14. Engine Manufacturers Association (March 22, 2002) 
--- 

15. Ford Motor Company (March 22,2002) 

16. Goiden Gate University Environmentai iaw and Justice Clinic, Bayview Hunters Point 
Community Advocates, Bluewater Network, Communities for a Better Environment, Our 
Children’s Earth Foundation (March 20,2002) 

17. American Lung Association of California, American Lung Association, Natural Resources 
Defense Council, Environmental Working Group, Medical Alliance for Healthy Air, 
Transportation Solutions Defense and Education Fund (March 25,2002) 

‘I 8.Alliance of Automobile Manufacturers (March 25, 2002) 

19. Environmental Defense (April 2,2002) 

20. Golden Gate University Environmental Law and Justice Clinic, Our Children’s Earth 
Foundation (February 21,2002) 

21 -American Lung Association of California, American Lung Association, Natural Resources 
Defense Council, Environmental Working Group, Medical Alliance for Healthy Air, 
Transportation Solutions Defense and Education Fund (March 5, 2002) 

22. Engine Manufacturers Association (December 5, 2001) 
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Resp,onses to the Public Comments to AQAC 

The individuals and entities listed above submitted written comments on the November 30, 2001 draft 
of the report “Review of the California Ambient Air Quality Standards for Particulate Matter and 
Sulfates” or the April 3, 2002 draft of the “Proposal to Establish a 24-hour Standard for PM2.5.” The 
comments and responses are organized first by chapter, and secondarily by subject within the chapter 
of the draft report. The source of each comment is in parentheses following each comment, with the 
numbers referring to the list above. 

CHAPTER 2: PROCEDURAL ISSUES 

1. COMMENT: The time allotted for public review before the January 23 and 24, 2002 AQAC 
meeting was too short. (Commenters 4, 7, 19, 12, 22) RESPONSE: The comment period was 
extended until January 11, 2002. Also, public comments will be accepted up to and including the 
Board meeting scheduled for June 20 and 21,2002. 

2. COMMENT: Review procedures followed by U. S. EPA were not followed. (Commenter 12) 
RESPONSE: California law differs considerably in the procedural requirements for proposed 
regulatory actions. The procedures used by CARB/OEHHA are in accordance with the Health and 
Safety Code and the Administrative Procedures Act. 

3. COMMENT: The report does not consider the environmental justice issue of people living near 
power plants and refineries who are likely to be exposed to localized PM plumes that have 
PM2S/PMlO ratios higher than regional values. (Commenter 2) RESPONSE: The nature and 
degree of control for specific source categories of PM is related to the implementation of the 
standards, not to the choice of concentrations for the standards. The PM standards are based on 
health considerations, as specified in sections 39014 and 39606 of the Heath and Safety Code, so 
that the standards are designed to be health protective for all Californians, regardless of where 
they live. The standards apply equally to all areas of the State. After standards are promulgated, 
various emission standards and other control measures will be adopted by ARB and the Districts, 
in order to attain and maintain the standards. Environmental justice issues are considered during 
the control phase of the process. ARB’s statewide programs reduce overall emissions to improve 
air quality all over the State, including in local neighborhoods. In addition, ARB is also pursuing 
special programs to reduce neighborhood-level pollution, for example, inspecting trucks for excess 
smoke, and evaluating technology to further reduce chrome emissions from plating shops. 

4. COMMENT: The commenter pointed out that communities where a large portion of the population 
is low-income or of color are more exposed to ambient air pollution, and that consequently they 
are at greater risk of adverse health effects from PM exposure. In light of this, the commenter 
expressed concern that environmental justice may not have been adequately considered in the 
standards process. (Commenter 15) RESPONSE: Ambient air quality standards are the legal 
definition of clean air, and they apply equally throughout the state. Air pollution control plans and 
actions taken to bring about attainment with the standards are the responsibility of ARB for mobile 
sources, and the local air quality control and management districts for stationary sources- Issues 
of environmental justice are important considerations in evaluating and developing control 
strategies, both at the statewide and local levels, and must include consideration of local and/or 
neighborhood sources and impacts so as to bring the entire state into compliance with the 
standards. 
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CHAPTER 3: CHEMISTRyI AND PHYSICS 

5. COMMENT: A reference should be provided for the statement on pg. 11). lines 1 I-13. 
(Commenter 11) RESPONSE: Reference to Murphy et al, 1998 will be added to the next draft. 

Murphy, S.A., K.A. BeruBe, F.C. Pooley, R.J. Richards (1998) The response of lung epithelium to 
well characterized fine particles, Life Sciences. 62: 1789-1799. 

6. COMMENT: The sentence on pg. 12, lines 12-l 3 should be reworded. (Commenter 11) 
RESPONSE: This has been revised. 

7. COMMENT: Measurements of optical properties for the fine particle fraction indicate that there is 
aerosol variation in both seasonal and monthly time scales (draft report pg. 17). This raises the 
issue of the spatial and temporal variation of real- (high)-time PM measurements and how that 
variation can be characterized, and what 24-hour PM measurements mean in the context of such 
variation. (Commenter 12) RES~PONSE: In contrast to the traditional 24-hour average PM 
concentrattons available from routine PM sampling networks, monitoring methods such as TEOMs 
and BAMs can provide hourly averaged concentrations. The higher temporal resolution with these 
monitors greatly increases our understanding of the processes leading to high 24-hour PM 
concentrations. Hourly data enable better assessments of the impact of dust storms, fires, 
transport, etc. on ambient PM concentrations. These hourly data can provide additional insights 
not only into the diurnal variations but also into seasonal and spatial differences. Results of PM 
continuous data analysis indicate that many urban monitoring sites in California exhibit a diurnal 
pattern with concentrations peaking during commute periods and being lowest during the 
afternoon, a pattern similar to diurnal profiles for carbon monoxide (CO) and oxides of nitrogen 
(NOx). Continuous particulate monitoring methods have been deployed in recent years. The 
hourly data from these methods provide additional insight into the nature of the particulate 
problem and reduce the uncertainties associated with less than daily sampling frequencies. A 
total of about 36 continuous PM25mass monitors are expected to be deployed throughout 
California by some time in 2002 as part of the California continuous PM25mass monitoring 
network. Of these, 21 are already committed. The primary objective of continuous PM25 mass 
monitoring is to obtain diurnally resolved data. These data will be useful for public reporting, 
understanding diurna! and episodic behavio. r of fine particles, background monitoring, and 
transport assessment. California has two ambient air quality standards for inhalable PM, one with 
a 24-hour averaging time and an annual average standard. The primary objective of the 24-hour 
PM mass monitoring program is to identify areas where PM concentrations exceed one or both of 
the national or State PM standards. The Board designates areas based on ambient air quality 
data. An area is designated nonattainment if ambient PM concentrations in that area violate either 
of the State standards at least once during the previous three calendar years. In addition to 
collecting data for determining attainment status with respect to the national standards, PM 
monitoring sites must also satisfy other monitoring objectives, including transport assessment and 
assistance in health studies. To meet these objectives, air basins with high PM concentrations 
may need to have additional high time/spatially resolved monitoring sites to provide better 
geographical and temporal representation. 

CHAPTER 4: EMISSIONS INVENTORY 

8. COMMENT: The emissions inventory material presented is based on estimated inventory data, 
not on actual measurements. The report should at minimum present some validation comparisons 
between estimated and measured data. The inventory presentation should also include natural 
sources and background levels of PM. (Commenters 11, 12) RESPONSE: A discussion of the 
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validity of emission inventory compared to monitored data is beyond the scope of the standards 
report. ARB staff update the emission.inventory triennially as required by Health and Safety Code 
section 39607.3. Available data show that emission inventory data are generally in reasonable 
agreement with ambient measured data, but refinements are continuously being applied to 
improve how well inventory data reflects ambient levels of air pollution 

9. COMMENT: Natural PM sources are not included in the statewide emissions inventory. They 
should be because they can be .a significant part of the daily PM level. (Commenter II) 
RESPONSE: The PM inventory does not include natural sources of particulate, other than 
wildfires, nor are there plans to include it. Except for fire, the main sources of natural particulates 
are due to windblown dust from natural undisturbed lands. To date, there is no indication that this 
source contributes significantly to PM standard exceedances. (Note: the majority of windblown 
dust in Owens Valley, Imperial County, Mono Lake and other windblown dust regions is 
considered anthropogenic in origin). Except in cases of wildfires, which are included in the ARB 
emissions inventory, natural sources do not typically contribute meaningfully to elevated 
particulate matter levels. 

10. COMMENT: What is included in the “Fuel Combustion” category? (Commenter 11) RESPONSE: 
The Fuel combustion category includes stationary air pollution sources such as electricity 
generation, oil refining, agricultural processing, etc. This will be clarified in the text. 

CHAPTER 5: MONITORlNG ISSUES 

11. COMMENT: Studies of the loss of semi-volatile compounds raise a serious concern with the staff 
recommendation in Ch. 5 to adopt the FRM for PM25 (Commenter 12) RESPONSE: From a 
monitoring standpoint, the potential for loss of semi-volatile compounds in sampling is a 
recognized shortcoming of any filter-based sampling method. There is no solution for this 
available at this time. Instruments are in development that may allow in-situ measurement of 
nitrogen species, including particulate matter nitrates- It is not likely that such instruments, when 
they become available, will be widely deployed in the monitoring network. The staff report 
mentions that loss of volatile species may lead to control strategies that are biased towards 
sources of fugitive dust and other primary particle sources- It is important to note that the 
development of control strategies is not based solely on ambient.measurements made with the 
PM2.5 FRM. Emission inventories, chemical speciation analysis results, and other information are 
used to develop control strategies. 

CHAPTER 6: EXPOSURE 

12. COMMENT: Table 6.1 should be changed because it includes data from the Salton Sea Air Basin 
that ARB invalidated because the monitor was not sited so as to meet the requirements for a valid 
monitoring site. (Commenter 8) RESPONSE: It is correct that ARB has invalidated the data, and 
the Table will be corrected in the next draft. 

13. COMMENT: An analysis of 24-hour PM25 monitoring data, with emphasis on areas projected to 
be in attainment of the annual average standard, is not presented in the report. (Commenter 1) 
RESPONSE: There are only about 2 years of PM2.5 data available using the U.S. EPA’s federal 
reference method. Therefore, it is not possible to perform an extensive analysis, or to have an 
understanding of historical trends or year-to-year variability. However, we will. include the 
requested analysis in the next draft of the report. 
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14. COMMENT: Captions to tables and figures in Section 6.4 need to be revised to reflect that the 
data are the percent of the population residing in areas that exceed given. concentration levels. 
These data do not reflect actual or personal exposure as represented by the captions and text. 
(Commenters 11, 12) RESPONSE: The data reflect population exposure to outdoor or ambient 
PM levels. We will change the term “percent of population exposed to given PM levels” to 
“‘percent of population exposed to given ambient PM levels”. 

15. COMMENT: What is the effect of geographic barriers, such as mountain ranges, on estimating 
exposure? lf the monitor is on the other side of a mountain than the population of a census tract, 
how does this affect estimation of exposure? (Commenter 11) RESPONSE: While it is true that 
we did not consider natural boundaries, such as mountains, in our exposure model, the results are 
useful for the following reasons: The distribution of monitoring sites in the South Coast Air Basin 
is dense compared to the width of the significance boundaries; and the use of the inverse of the 
square of the distance from monitors to census tracts limits any undue influence of more distant 
monitors (e.g., on the other side of the mountains). 

, 

18. COMMENT: Air quality trend data for estimating chronic effects are inadequate. Historical trends 
are not adequately discussed, and should encompass the time period from the 1940’s to the 
present. (Commenter 12) REPONSE: Ambient PM10 trends for California from 1988 are 
presented in the ARB’s 2000 almanac of air quality and emissions data. PM2.5 data are only 
available since 1998. 

17. COMMENT: Emission trends should be presented from the 1940’s to the present. (Commenter 
12) RESPONSE: Emission trends are presented in the ARB’s 2000 almanac of air quality and 
emissions data. 

18. COMMENT: There is no information discussing the differences between current and background 
levels for PM1 0, although this information is presented for PM25 (Commenters 9, 12) 
RESPONSE: The PM25 information was provided as general background information. The report 
contains the information needed to calculate difference between current and background PM1 0. 

CHAPTER 6: BACKGROUND CONCENTRATION OF PM 

19. COMMENT: The concentration of background PM is a substantial portion of the standard. This 
means that very little anthropogenic PM can be contributed and attainment still be achieved. This 
means that the recommended standards are more stringent than at first apparent. The 
commenters request that ARB do more background PM analysis. They also challenge the use of 
Point Reyes National Seashore as a representative background site. (Commenters 11, 12) 
RESPONSE: We will expand our discussion of background sites. Background sites are intended 
to quantify regionally representative PM concentrations for sites located away from populated 
areas and other significant emission sources. Background concentrations for the PM25 program 
are defined as concentrations that would be observed in the absence of anthropogenic emissions 
of PM and the aerosol particles formed from anthropogenic precursor emissions of VOC, NOx and 
SOx. Sources of background PM include particles of soil and crustal material, organic particles 
from natural combustion processes such as wild fires, and organic aerosols formed from VOC 
emissions from vegetation. In addition, natural emissions of gaseous sulfur compounds contribute 
to the background sulfate component. However, it is very difficult to find true background sites. 
Depending on the season and meteorological conditions, even the monitoring sites located in 
pristine areas can be influenced by anthropogenic emissions and transport. This in turn may lead 
to higher annual average PM concentrations. Annual average PM concentrations from the 
IMPROVE network are presented in the table below (aggregated over a three year period, March 
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1996 to February 1999) We agree that different sites (e.g., a site for a desert locality, one in a 
forested areas, etc.) should ,be ,considered for determining regional background PM 
concentrations. 

1 Site ( Annual Average PM10 1 Annual Average PM2.5 1 

(dm3) ( pg/m3) 
Lassen Volcanic NP 5.06 2.68 
Pinnacles NM 10.97 4.55 
Point Reyes NS 12.42 4.01 
Redwood NP 7.45 2.44 
San Gorgonio WA 13.72 7.20 
Sequoia NP 
Yosemite 

1 18.64 ( 8.86 
I 9.52 I 4.33 

The comments mention that U.S. EPA is proposing to use a range of PM10 background of 4-8 
pg/m3 in the western US. 

CHAPTER 6: FORM OF THE STANDARD/A7TAlNlldENT DESIGNATIONS 

20. COMMENT: It is important to consider the form of the standard and whether or not it leads to 
reasonable standards for attainment. (Commenter 1 I) RESPONSE: Under California law, criteria 
for attainment designation are not part of the ambient air quality standards. Attainment criteria’ are 
specified in a separate section of the California Health and Safety Code. The form of a standard 
defines a calculation using air quality data. The result of the calculation is often called the “design 
value”. The California design value for standards with an averaging time of 24 hours or less is 
called the Expected Peak Day Concentration (EPDC). The degree of fluctuation for the EPDC is 
similar to the degree of fluctuation that affects design values based on the percentile-averaging 
procedure. Because California’s 24-hour design value has fluctuations similar to the form 
recommended by’ the comment&, the proposed CA standard for 24-hour PM10 would have a 
similar relationship between the “perceived” and the “actual” stringency as does the commenter’s 
recommended procedure. 

The comments do not accurately portray the in-use. behavior of California’s procedures.- 
Experience with real-world data shows that the worst year is not inappropriately represented. In 
fact, the worst year, meteorologically speaking, typically receives all or most of the exclusions in 
any three-year period. The commenter’s comments show that they are focusing on the false 
dichotomy between “expected exceedance” and “concentration based” forms for standards. The 
California form for the 24-hour standard integrates both of these concepts simultaneously; it is a 
concentration-based calculation that achieves an expected exceedance criterion. No stringency is 
added. No distortion is introduced between the specified level of the standard and the long-term 
concentration levels required to attain the standard. The performance of the California form 
(EPDC) already has a proven track record. It is stable, not volatile. It addresses a “one expected 
exceedance per year” objective. The commenter may argue for more allowed exceedances, but 
this should be done from a health basis, not a statistical basis. If more were allowed, a lower level 
standard might then be appropriate to achieve equivalent protection- 

21. COMMENT: Criteria for attainment of the standard are unnecessarily stringent. (Commenter II) 
RESPONSE: With reference to the 24-hour standards, see #I6 above. If it becomes clear that 
using the highest annual average in the last three years is unnecessarily stringent; California 
statutes permit the form of the standard to be altered without requiring a full reevaluation of the 
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standard. Because annual averages do not fluctuate greatly from year-to-year (as the commenter 
notes elsewhere) it is not advisable at this.timG to alter the f&-m of the. proposed. annual, standard. 

22. COMMENT: The method of determining compliance should be changed to that used by the U.S. 
EPA. (Commenters ‘I I, 12) RESPONSE: The response to this comment is similar to an earlier 
comment (#2O and 22). Bounce is small for annual standards, even based on the maximum 
annual average in 3 years. If we learn that the average in 3 years (rather than the maximum) is 
protective, California can alter the form of the standard without requiring a complete reevaluation 
of the standard. When Health and Safety Code Section 39607 (e) was enacted, it separated the 
standard-setting and risk management functions. Federal rules make USEPA consider these all 
at once. 

CHAPTER 6: EPDC 

23. COMMENT: The exponential distribution of data used in calculating the EPDC tends to have a 
long tail, making the predicted “99-7’h” percentile an unrealistical!y high extreme value. 
(Commenter 11) RESPONSE: The tail is not too long, as the commenter asserts. If the tail of the 
exponential distribution were not appropriate, the number of measured values above the 
calculated cutpoint (the EPDC) would be too low, that is, less than one per year on average. 
Annual reports concerning attainment designations show that the EPDC procedure works very 
well for PM10 when the l-in-6 day sampling schedule is considered. Therefore, the tail is not too 
long. 

24. COMMENT: The EPDC is an estimate of the maximum value in three years, it does not achieve 
the stated goal of “determining the peak ?4-hour Pf+lO (pr. PM2.5) concentration expect_ed to 
ocCui no more thah once p&r yea?‘, and leads to hidden stringency. (Commenter 11) 
RESPONSE: This is not a correct characterization of EPDC. More than a decade of data shows 
that the commenter’s contention is incorrect. The EPDC procedure automatically corrects for less 
than daily sampling frequency. No penalty results when samples are gathered less frequently 
than every day. 

CHAPTER 6: THE CONTROLLING STANDARD 

25. COMMENT: Currently the 24-hour standard is the controlling standard. If the staff 
recommendations are adopted, the new annual average PM10 standard will be approximately as 
stringent as the current 24-hour standard. Therefore, the driving force for regulation will be 
essentially unchanged. (Commenter 12). RESPONSE: This comment concerns the probable 
relationships between multiple standards, annual and 24-hour, for PMIO. The reviewer correctly 
understands these relationships, and offers an alternative approach that relies on a 24-hour 
standard alone. The ARB staff discussed whether the multiple standards are useful and 
concluded that both the annual and 24-hour standards were useful, even if they were 
approximately equal in stringency. Policy and scientific issues that led to this conclusion include 
the following: (1) Some health scientists consider the annual PM data to be most reliably related 
to mortality, motivating an annual standard. (2) Air quality data clearly show that an annual 
standard alone would still admit some troublingly high PM concentrations for 24-hour periods 
during the year. (3) Though the annual and 24-hour standards would be approximately 
equivalent from a statewide viewpoint, areas with different PM composition are likely to show that 
each standard is controlling in some areas of California. 
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CHAPTER 6s LACK OFA PM25 STANDARD AND EXPOSURE 

26. COMMENT: Having only an annual PM25 standard is not sufficient to protect ‘against short-term 
PM25 peaks. (Commenters 1, 5, 6, 17) RESPONSE: The commenter is correct that PM25 
levels could reach as high as the level set for PM10 (50 pg/m3 at this point) ifall the PM10 were in 
the form of PM2.5. The form of the CA standard for air quality measurements with averaging 
times of 24 hours or less is effectively the 364/365’h, or the 99.73rd percentile, as only one day per 
year, on average, can be above the level set by the PM10 standard. The present form of the EPA 
24-hour PM2.5 standard is based on the 98’h percentile with a level of 65 pg/m3. Clearly, the 
standards proposed for CA are much more protective. As proposed, the PM2.5 peaks would be 
controlled (limited) by the PM10 standard. The implied limit for PM2.5 is somewhat different for 
different areas of the state, depending on the fine versus coarse fractions of PM1 0. Nevertheless, 
the implied limit is less than 50 pg/m3 throughout CA. 

27. COMMENT: The short-term PM10 standard will not prevent short-term fine particle peaks in 
some areas where PM10 and fine particles are not highly correlated. (Commentersl, 6) 
RESPONSE: The 24-hour PM10 standard will restrain 24-hour PM2.5 concentrations to the same 
level as the level set for PMIO. At this time the proposal sets the 24-hour PM10 level at 50 pg/m3. 
Therefore, it is at least as protective as a PM2.5 standard set to 50 pg/m3. However, because 
PM10 will include some coarse component, the proposed standard is more protective than a 
PM2.5 standard of 50 pg/m3 would be by itself. The USEPA 24-hour PM2.5 standard is currently 
65 pg/m3. 

28. COMMENT: Comments on the relative merits of the two methods suggested at the January 23 
and 24, 2002 AQAC meeting for selection of a 24-hour PM2.5 standard. (Commenter 21) 
RESPONSE: These comments have been considered in development of the recommended 24- 
hour PM2.5 standard. 

CHAPTER 6: SOURCE LPPORTIONMENT 

29. COMMENT: The source categories on the source apportionment charts in section 6.3.2 are 
inconsistent. (Commenter 11) RESPONSE: In the report, we explain that the source attribution 
data presented in the report were -derived from a variety of studies with differing degrees of, 
chemical speciation. Therefore, the source categories presented may be different among sites. 
For example, the fossil fuel combustion category is only presented for San Jose. As mentioned, 
this category included motor vehicles, refineries, and power plants. Throughout section 6.3.2 of 
the report we state that secondary ammonium nitrate is formed in the atmosphere from nitrogen 
oxides from motor vehicle exhaust and other combustion sources. We will further clarify that 
nitrogen oxides are from motor vehicle exhaust and other stationary combustion sources. We will 
add that sources of ammonia include animal feed lots, fertilizer application, and motor vehicles. 

30. COMMENT: Section 6.3.1.4: wording changes and addition of 2 sentences are recommended. 
(Commenter 1 I) RESPONSE: We will add the following sentence at Pg. 57, line 5 to the next 
draft of the report: “The quality of source apportionment results depends on the adequacy of the 
chemical markers used for each potential source and of the ambient chemical composition data 
used in the analysis, as well as the inclusion of appropriate sources”. 

31. COMMENT: Section 6.3.2: The pie charts in this section need more explanation- (Commenter 11) 
RESPONSE: The temporal differences among the data presented on the source apportionment 
and on the ambient chemical composition pie charts is already indicated on the charts themselves. 
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In addition, we will specify if the data represent annual or seasonal averages, or averages of a few 
days in the text describing the data presented on each pie chart in the next draft of the report. 

CHAPTER 6: INDOOR AND PERSONAL EXPOSURE 

32. COMMENT: Add discussion of data variability from continuous monitoring sites, and use of 24 
hour central monitoring site results as a surrogate for human exposure. (Commenter 12) 
RESPONSE: We have limited information on the diurnal variations of PM; two examples are 
presented in the report. We are in the process of deploying the State’s network of continuous PM 
monitors, which will provide further data on diurnal variations in PM levels. 

33. COMMENT: Section 6.5 should include discussion of the link between weather and indoor 
exposure, the effect of increasing air turnover in buildings, and building ventilation. The 
association between outdoor PM and health are confounded by exposure to indoor air pollutants. 
(Commenter 12) RESPONSE: It is true that indoor-outdoor differences in temperature and 
pressure (due to wind and mechanical ventilation) create pressure differences that affect AERs in 
buildings. For example, during mild, stagnant weather conditions the AERs can be very low, even 
in a home with open windows and a leaky building shell. This is because significant driving forces 
for infiltration are lacking. However, stagnant weather is not the norm. 

Additionally, the human factor plays a significant role. People use their home’s windows, doors, 
and mechanical systems for heating, cooling, and ventilation, which can greatly modify the 
building’s pressure characteristics. This can increase AERs, and hence, result in increased 
correlations between indoor and outdoor PM levels. 

Opening of windows and doors typically increaSes AERs. It can also increase the deposition of 
outdoor PM indoors and potential indoor resuspension of PM over long periods of time. 
Questionnaire data from ARB’s adult activity pattern study showed that, on average, about one- 
third of Californians leave a door or window open all day, and 70% open a door or window for at 
least a iew minutes per day (other than to enter or exit the home). 

Using mechanical ventilation systems can increase AERs. Whole-house fans, which are fairly 
common in much of California, can quickly equilibrate indoor and outdoor air in a home. Central 
heating and cooling systems can increase AERs when the pressure is imbalanced because of 
substantial duct leakage, which is fairly common. ARB’s activity pattern study data indicated that 
about one-quarter of Californians use some type of fan, on average, to circulate the air. Operation 
of indoor ceiling or floor fans can resuspend surface PM, which may largely derive from outdoors. 

One caveat in reviewing AER data is that the 24-hour or multi-day averages may underestimate 
the AERs when people are actually home. These data may include large stretches of time when 
the house is vacant and closed up while the household members are working, attending school, 
and so on. These periods would have lower AERs that would reduce the average AER. 

Thus, a building’s AERs, PM penetration rates, and indoor PM levels are in part dependent on 
weather, but in a complex manner that involves several other factors, such as window and door 
opening, that may not have linear relationships. For example, some of the highest outdoor PM 
levels in California occur during the fall season when the weather is relatively mild. In this season, 
cooling can usually be achieved by window opening and whole-house fans rather than air 
conditioning, which produces higher AERs than if one assumed that air-conditioning was used. 
This may help explain why outdoor PM levels had a substantial contribution to indoor PM in 
PTEAM homes during the Fall season. 
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It is unclear what ‘is meant by the ‘statement that regarding indoor po.llutants as potential 
confounders of the outdoor - PM associations Does this refer to pollutants of indoor origin, or 
indoor levels of pollutants? As stated in chapter 6, about ‘95 to 2/3 the indoor PM mass comes has 
been estimated as coming from outdoor sources, and once indoors, some of that PM is available 
for resuspension, regardless of the day to day increases or decreases of AERs. As explained ‘in 
Chapter 6, the correlation of personal exposures to ambient PM is variable but has been found to 
be substantial in more recent exposure studies with a longitudinal study design and in those 
focused on PM25 Thus, the ambient PM - health effects relationships seen in epidemiology 
studies that form the basis for the PM standard recommendations are robust despite the added 
exposure that may accrue from pollutants of indoor origin, 

34. COMMENT: Ambient PM concentrations are not representative of actual personal exposure. 
People spend most of their time indoors. Use of outdoor PM concentrations to estimate exposure 
leads to confounded results and conclusions because of failure to consider indoor exposures. It 
should be assumed that indoor pollutants are potential confounders of the outdoor-PM 
associations until proven otherwise. (Commenters 11, 12) RESPONSE: We do not concur that 
indoor air pollutants are necessarily confounders- The major source of indoor PM, tobacco 
smoking, is usually adjusted for in epidemiological studies of outdoor PM. Other indoor air 
pollutant exposures that might affect the outdoor PM-health relationship, such as cooking 
emissions, do not introduce a known bias because they are not necessarily correlated with 
outdoor conditions. The relationship seen between outdoor PM and health effects in epdiemiology 
studies has been consistent across studies in different seasons and different meteorological 
conditions. We agree in part with the comment that buildings provide a level of protection against 
outdoor PM. This level of protection is highly variable, especially in the wide range of California’s 
climate and building stock. The report will be revised to include an expanded discussion of the 
physical processes and human activities that affect the relationships among person, indoor, and 
outdoor PM concentrations. 

35. COMMENT: Definitions of outdoor and ambient air are not consistent in the literature cited. 
Report should clarify these potential confusions. (Commenter 11) RESPONSE:: We agree. 
There is no regular distinction used for these terms. These terms are used differently, and often 
interchangeably in the general air pollution field, although in the personal exposure field, ambient 
usually refers to measurements at central monitoring station. Therefore, the distinction between 
“outdoor” and “ambient” is usually based on the scale over which the measurements are 
considered to be representative; however, this varies in relation to meteorological and other 
factors. Definitions of how these terms are used in various studies will be clarified in the report, 
where feasible, to make these distinctions more clear. 

36. COMMENT: Section 6.5: The section contains internal contradictions. (Commenter 11) 
RESPONSE: The first portion of the comment addresses findings from one study of 30 individuals 
with COPD in Los Angeles (Linn et al., 1999). The conclusions noted in the comment are those of 
Linn et al., not ARB. In this study, the investigators examined blood saturation, blood pressure, 
and lung function, not mortality, as health endpoints. As indicated in the text, the findings 
regarding blood pressure were stronger for PM at the ambient monitoring station than for indoor or 
personal PM, and this is likely the basis for Linn et al.% conclusion that ambient PM was linked to 
the health effects seen. The findings of this study apply to one small, sensitive segment of the 
population, and are not necessarily relevant to the health endpoint (daily mortality) upon which the 
level of the proposed standard is primarily based. The Linn et al. study was included in the report 
for completeness; it does not attenuate the credibility of findings of studies that identified 
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relationships between ambient levels of PM25 or PMIO, and other observed health effects (e.g., 
daily mortality). 

37. COMMENT: Section 6.5 does not include some of the available data on indoor/personal 
exposure. Several references are recommended. (Commenter 11) RESPONSE: We have 
reviewed the suggestions, and incorporated appropriate references- 

38. COMMENT: Air conditioning use effects on past exposures should be considered in estimating 
past PM exposure. (Commenter 12) REPONSE: Most of the epidemiological studies in the U.S. 
have used data from the 1970’s and later, and air-conditioning was already widely used in 
California and much of the U.S. by the 1960’s. Therefore, past air-conditioning usage should not 
affect the results of these epidemiologic&l studies. 

39. COMMENT: There is no discussion of the personal cloud. (Commenter 12) RESPONSE: Section 
6 will be modified to include such a discussion. 

40. COMMENT: There is no discussion of the level of protection provided by buildings. (Commenter 
32) RESPONSE: We agree that mechanical ventilation can affect indoor PM; this topic was 
included in the report. The report will be revised to expand the discussion of the effects of 
mechanical ventilation systems on indoor-outdoor air exchange. However, these effects do not 
alter the association observed between PM measured at ambient stations and the adverse health 
effects seen in the population. This is likely due to the relatively short time (6-7 hours) during a 
24”hour period that people actually spend in office buildings, schools, and other large buildings 
with mechanical ventilation. Additionally, older individuals and those with serious illness do not 
generally spend time in such buildings. 

41. COMMENT: Recent findings raise the issue of whether short-term peak exposures are more 
important than 24-hour or long-term exposures. In addition, the significant PM2.5 and PM10 
exposures from indoor sources and personal activities represent a significant potential 
confounder. Because exposures to indoor particles are usually as large or larger than exposures 
to outdoor particles, indoor particles may represent a separate risk of equal or greater magnitude 
than ambient PM. (Commenter 12) RESPONSE: We agree that exposure to particles of indoor 
origin likely presents a separate risk of great magnitude. However, it is not the purpose of this 
document to address this specific issue. The available data on short-term or real-time exposures 
to indoor PM are currently very limited, but major studies on this topic are in progress. The 
potential risk from indoor PM is not really a confounder of the outdoor PM-health effects 
association seen in past epidemiological studies. As seen in recent longitudinal exposure studies, 
outdoor PM levels and personal PM exposure levels do correlate from day to day in a substantial 
portion of the population. This is not surprising, since about 2/3 of indoor particles are of outdoor 
origin, on average, as discussed in the report. 

42. COMMENT: The Draft should discuss indoor and outdoor bioaerosols, especially the Cal Tech 
study (ARB, 1998). (Commenter 12) RESPONSE: The Cal Tech study examined the 
composition of allergens in roadside dust, and the contribution of those allergens to outdoor PM. 
Roadside dust can infiltrate or be tracked into buildings. it is acknowledged that both indoor and 
outdoor allergens are present in the air and in the indoor surface dust that can be resuspended. 
These allergens contribute to the allergy symptoms and asthmatic attacks in individuals. 
However, the relationship of roadside dust to indoor and personal exposure has not been well 
studied. The report discusses the various sources of biological contaminants in indoor PM, and it 
will be revised to include the findings of the Cat Tech study regarding outdoor PM. 
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43. COMMENT: Resuspension of large particles (>I pm) “complicate and confound the analysis of 
exposures and health.” (Commenter 1.2) RESPONSE: ‘We agree that resuspension of particles 
can influence their contribution to indoor concentrations. However, this contribution .does not bias 
the exposure-health effect studies because house dust largely consists of outdoor PM that has 
been transported indoors by air or track-in. Emissions from indoor resuspension are mainly 
dependent on human activities such as cleaning and ‘moving about, and therefore would be 
expected to be independent of daily outdoor PM levels, and thus would not confound the 
correlation seen between ambient PM and adverse health effects. 

44. COMMENT: “Because of the public policy implications of nitrate reduction, the Draft should 
discuss the subject (of indoor nitrate volatilization) in detail...“. (Commenter 12) RESPONSE: 
Compared to ambient monitoring methods, the indoor, outdoor, and personal monitoring methods 
use lower flow rates, and the samples are usually collected immediately after 12 or 24 hours of 
sampling. Therefore, indoor sample losses of nitrate are expected to be minimal. A few 
laboratory and test house studies on this topic have been conducted, but field studies that 
examine nitrate composition of indoor, outdoor, and personal PM25 are currently underway. 
Concerning nitric acid deposition on indoor surfaces, it is not clear how important a nitrate removal 
mechanism this is in California buildings. Nitric acid can oxidize to form other volatile nitrogen 
oxides indoors, or perhaps react with indoor surface dust and indoor air pollutants to produce toxic 
or irritant pollutants. More research is needed in this area. 

45. COMMENT: The commenter disputes the PTEAM results/conclusions presented. (Commenter 
12) RESPONSE: The report does not state that indoor and outdoor PM are uncorrelated, but 
rather that higher correlations between outdoor and personal PM were obtained in longitudinal 
studies, as compared to correlations in cross-sectional studies such as PTEAM. The PTEAM 
investigators did find low indoor-outdoor correlations, however, despite the high air exchange 
rates. The report will be revised to clarify the indoor-outdoor correlations in PTEAM. The air 
exchange rates may have been higher than reported in some studies of homes, but are within the 
range observed in California’s South Coast Air Basin. In this region and much of California, the 
milder climate encourages the use of open windows, whole house fans, and swamp coolers, 
except for the occasional heat wave when air conditioning may be used. 

46. COMMENT: There is no information presented on the most frail sub-population, those in hospitals 
and nursing homes. (Commenter 12) RESPONSE: The report discusses the available studies 
regarding indoor and personal PM exposures of the elderly and ill. The report will be expanded to 
include the Lillquist et al. study, which measured indoor PM10 in 3 Utah hospitals, mostly in 
intensive care units that had extensive air filtration. However, this study showed that indoor- 
outdoor PM relationships were highly variable among the 3 hospitals and within each hospital. 

CHAPTER 6: 24-HOUR PM2.5 STANDARD RECOMMENDATION 

47. COMMENT: The relationship between the annual mean and the annual maximum implies that the 
annual average must be at or below the “background” level for PM2.5. (Commenters 13, 14) 
RESPONSE: The relationship between the annual average and the annual maximum reflects the 
influence of changing weather conditions and, to a lesser extent, changes in human activities. As 
emission control measures reduce the pollution generated by human activities, the ratio of the 
maximum to the average tends to decrease somewhat. Nevertheless, the Cal/EPA staff believes 
that the ratio is unlikely to be less than 2.5 when regions near attainment of the proposed 24-hour 
standard. The proposed 24-hour standard of 25 ug/m3 probably does imply an annual average 
between 8 and 10 ug/m3, which may be at or near “background” levels for PM2.5. Under such 
circumstances, the 24-hour standard would be the so-called “controlling” standard. That is, the 
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annual standard (12 ug/m3) would be met while the 24-hour standard -still required additional 
emission reductions. Accordingly, the staff agrees with ‘the commenter’s statement that “‘the 
proposed 24-hour standard of 25 ug/m3 is considerably more stringent than the proposed annual 
standard of 12 ug/m3.” The larger issue, however, is what an air quality standard represents. An 
air quality standard is meant to identify a concentration and averaging time that is “safe” for people 
to breathe. Whether such a standard can be “attained,” is a different issue, an issue of risk 
management. Under California law, the risk management function is separated from the 
determination of an air quality standard in two ways - through criteria for attainment and through 
planning requirements. Under CA law, ambient air quality standards are based solely on health 
and welfare considerations. There is no consideration as to whether the standard is attainable at 
any foreseeable time. In this sense, standards serve as goals for the air quality planning process. 

Criteria for attainment 
Small adjustments to the stringency of an air quality standard can be accommodated through 
modifications to the criteria for attainment. These criteria are not an intrinsic part of the standard 
under California statutes. However, criteria for attainment have been determined with an eye 
toward maintaining the health-protective nature of AAQ standards. 

Planninq requirements 
The commenters assertion is that the proposed standard is not feasible, not attainable. Planning 
requirements in CA statutes recognize that one cannot do more than what is feasible. A plan 
containing all feasible measures is a satisfactory attainment plan. Therefore, draconian plans 
cantaining infeasible control measures would not be required by the proposed 24-hour standard 
for PM25 

48. COMMENT: A standard that is “not to be exceeded” imposes an unattainable goal, especially 
when concentrations must be very near background levels. (Cornmentors 14, 15) RESPONSE: 
The term “not to be exceeded” does not set implicit criteria for attainment. Criteria for attainment 
are set under the requirements of Section 39607(e) in the Health and Safety Code. Various AAQ 
standards that include the “not to be exceeded” language are attained under these criteria when 
the expected annual maximum equals the standard. The method used to compute the expected 
annual maximum (Expected Peak Day Concentration) is @ subject to the large fluctuations 
anticipated by the commenters. 

The issue of “background” concentrations and attainability is primarily related to the m of the 
proposed standard (25 ug/m3) rather than the form of the standard. Ilf the form of the standard 
were to be based on the measured annual maximum, the concerns raised by the commenters 
would be very appropriate. However, the default form of the proposed standard does not lead to 
these concerns. 

CHAPTER 7: STUDIES USED FOR ANALYSIS 

49. COMMENT: The Report did not review all studies, and the review was not objective for those 
studies that were reviewed. (Commenters 3, 4, 12) RESPONSE: The review covers hundreds of 
studies to address two key questions: (1) is there evidence of gravimetric PMlO and/or PM2.5 
effects at or below current standard? (2) how strong is this evidence? The commenters suggest 
some specific studies that they feel should have been added. Some studies were not included 
because they did not include size-selected gravimetric particle exposure data. The other studies 
that were citied are discussed in the following paragraphs. 

.” 
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In the case of acute mortality outcomes, several Canadian studies (e.g., Burnett et al., 1998a,b) 
did not include PM10 measurements. In.Burnett et al. (1998a) mortality was studied across 11 
Canadian cities. However, PM10 was not measured. Burnett et al. (1998b) did not include PM10 
measurements but rather estimated PM10 using TSP, S04, and COH data. This makes the 
results difficult to interpret in terms of PMIO. Furthermore, several of the Canadian studies 
reported high correlations between PM and gaseous pollutants, making it difficult to separate out 
the effects of different pollutants. The degree to which the various pollutants were acting as 
surrogates for one another cannot be discerned from these results- Zmirou et al. (1998) reported 
results of a large multi-center study of acute mortality in 10 European cities. PM10 data were not 
available. Black Smoke, a measure of optical absorbance of the aerosol, was used instead. In 
addition, given the locations and period of study - the data records ended in 1992 - it is unclear 
how to relate these exposure data to gravimetric PM measurements in the U.S. Particle sources 
and composition were likely to have varied substantially across cities; likewise, those cities as a 
group are likely to differ from the situation in the U.S. In any event, Zmirou et al. reported 
associations of both PM and SOS with mortality. 

The Lipfert et al. (2000b) study results are now included in the PM document draft. As discussed 
in detail in the document, this study reports results and conclusions very different from previous 
studies, but there appear to be methodological differences that can account for these results. 
Results more similar to those obtained in the major cohort mortality studies were found when more 
conventional methods of analysis were used. There are two major issues with this analysis 
conducted by Lipfert et al. (2000b): (1) these researchers used highly specified, and likely over- 
specified, models that may have underestimated pollution effects, and; (2) these researchers used 
very localized (county level) and short-term segmented exposure data that may have introduced 
exposure estimation errors. 

With regard to the first issue, the potential for model over-specification (described below) and 
resultant effect estimate bias is indicated by the authors’ own results for smoking effects on 
mortality, which are apparently lower in this analysis compared to other studies. As noted by the 
authors: ‘The risk of current cigarette smoking (1.43) was somewhat lower than has been reported 
elsewhere, but other studies have not accounted for as many additional factors” (Lipfert et al., 
2000b, p. 52). This suggests that over-specification is likely to be occurring in these models, 
potentially biasing the pollutant effect estimates downward, as well. 

With regard to the second issue, Lipfert et al. (2000b) note that they obtained results closer to 
those reported by other researchers when using methods similar to those used by the others, 
rather than using the time-segmented approach. They state: “Responses to PM25 and PM15 
differ greatly between the single period and the segmented periods.... The single-mortality-period 
responses without ecological variables are qualitatively similar to what has been reported 
before...” (Lipfert et al., 2000b, p. 68). 

Thus, while this new cohort study gives results at variance from previous studies, there appear to 
be methodological issues that may account for these differences. When methods similar to 
studies published in the New England Journal of Medicine (Dockery et al., 1993) and the Journal 
of the American Medical Association (Pope et al., 1995) were used, Lipfert et al. (2000b) indicate 
that the results are similar to those published previously. 

50. COMMENT: Consistency of results across studies and coherence of results across outcomes is 
limited. (Commenters 3, 12) RESPONSE: The most consistent aspect of the acute epidemiology 
results is the identification of statistically significant PM effects on mortality in a large number of 
studies conducted in over 20 cities in the U.S. as well as many in other countries. Not 
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surprisingly, risk coeffici,ents reported from different locations vary somewhat. This may relate to 
variations in pollutant mixes, population. chgiracteristics, and analytic methodologies across the 
wide range of studies reported to date. As a group however, the acute mortality studies and, to a 
lesser extent, the morbidity studies present a consistent picture regarding the effects of PM on 
health. 

The consistency of results among scores of epidemiological studies provides substantial 
evidentiary support for causality. Several hundred studies, conducted among different populations 
on five continents over multiple time periods, have reported small, but consistently elevated risks 
of daily mortality and diverse measures of morbidity (such as hospital admissions and emergency 
department visits for cardiac and respiratory causes, exacerbation of asthma, increased 
respiratory symptoms, restricted activity days, school absenteeism, and decreased lung function). 
Though the principal study design has been time-series analysis, modeling approaches have 
differed substantially among investigators; moreover, similar estimates of effect have been 
obtained with other study designs, including case-crossover and panel studies. The ranges of risk 
estimated in all these studies have been remarkably- similar, despite the different PM source 
mixtures and size distributions, co-pollutant distributions, weather patterns, population 
characteristics (distributions of age, baseline health status, and access to health care; see Section 
7.3, for example). Daily mortality and morbidity have also been linked with different measures of 
PM, as well, including TSP, PMIO, PM2.5, the coarse fraction (PMIO-PM2.5) black smoke, and 
ultrafine particles. It can be seen in Table 7.1 and Sections 7.3 through 7.6 that, with few 
exceptions, there is a consistent tendency for point estimates of relative risk to be greater than 
unity. If these findings were due to chance, one would expect a more nearly equal distribution of 
point estimates of risk above and below unity. In general, consistency of results across scores of 
investigations offers one of the strongest arguments @vorirg a causal retationship. 

Coherence is considered to be present where there is evidence showing similar patterns of results 
for different health outcomes associated with a given pollutant. Strong evidence of coherence 
exists across the epidemiologic literature for PM. For example, PM has been associated with both 
mortality and hospital admissions in nearly 30 cities worldwide, more than 20 of which are in the 
US. As noted in several EPA scientific reviews, the effect sizes for total mortality generally fall in 
the range of 2.5 to 5.0% excess deaths per 50 pg/m3 24-h PM10. Similar effects are seen for 
cause-specific cardiovascular and respiratory mortality. Hospital admissions would be expected to 
exhibit larger effect sizes than those from mortality, and this is seen in the literature, where 
cardiovascular admissions increase from 3 to 6% per 50 pg/m3 24-h PM10 and respiratory 
admissions increase from 5 to 25% per 50 pg/m3 24-h PMIO). Effects have also been observed in 
several panel studies by independent investigators, where elderly subjects are followed over time 
to assess changes in heart rhythm in association with ambient PM. The obsen/ed decreases in 
heart rate variability are consistent with increased risk of adverse cardiac events. A recent study 
(Peters et al., 2001a) went further and was able to demonstrate an association between both 
PM10 and PM2.5 and the onset of myocardial infarction. Thus, a coherent picture has emerged 
from a variety of different epidemiological approaches showing adverse effects of PM exposures 
among human populations. 

Referring in particular to the time-series studies of mortality, Bates (1992) has argued that, if the 
PM-mortality relationship is causal, there should also be evidence of relationships between PM 
and health outcomes of lesser severity, such as hospitalizations, changes in lung function, and so 
forth, suggesting an ensemble of coherence among possible outcomes. This phenomenon has 
been observed in a number of areas throughout the world; perhaps the best illustration of such 
coherence in a given area is the studies undertaken in the Utah Valley. In addition to increases in 
PM-associated mortality, studies in this area have demonstrated statistically significant 
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relationships between ambient PM and respiratory hospitalizations, decrements in children’s lung 
function, school absenteeism, respiratory’ symptoms, ‘medication use. among ,asthmatics, 
increased heart rate and decreased heart rate vanability among elderly individuals (Pope, 1996; 
Pope et al., 1999a,b). Finally, there are over twenty cities in which associations between PM10 
and both mortality and hospital admissions have been reported. 

51. COMMENT: A fundamental limitation of the time series studies is their ecological nature. 
(Commenter 3) RESPONSE: The potential for “ecologic bias” is greatest in cross-sectional 
studies where it may be difficult or impossible to measure and control for potential geographic 
confounders such as cigarette smoking or income. In this case, all residents are often assigned 
countywide variables and assumed to have this common feature. This is the classical case of 
potential ecological bias. However; we note that we did not rely on any purely cross-sectional 
studies in our determination of likely concentrations associated with health effects. Rather, we 
used either prospective cohort studies or time-series studies- The prospective cohort studies 
control for potentially important individual-level risk factors, such as smoking, alcohol 
consumption, body mass index, educational status, occupational exposure, etc. Specifically, for 
most of the important risk factors associated with mortality, individual, nonecological data are 
used. In the time-series design, these concerns are largely eliminated since a single community is 
studied over time. Most potential confounders, such as smoking rates, are unlikely to vary from 
day to day in concert with air pollution levels. Potential confounders in the time-series design 
include weather factors, seasonal@, and co-pollutants, all of which are carefully handled in much 
of the recent literature. Therefore, these studies are unlikely to suffer from ecological bias. 

52. COMMENT: An important long-term exposure study by Lipfert was not adequately discussed. 
(Commenter 3) RESPONSE: We have now added a discussion to the document (section 7.4) 
about this study. Specifically, we have indicated that Lipfert et al. (2000b) recently reported 
preliminary results from a prospective cohort study of some 70,000 men enrolled by the U.S. 
Veterans Administration (VA) during the 1970s. This cohort is much smaller than the ACS cohort, 
and is made up of members who are not necessarily representative of the general population: the 
cohort was male, middle-aged (51 + 12 years) and included a larger proportion of African- 
Americans (35%) than the U.S. population as a whole, as well as an extremely high percentage of 
current or former smokers (81%). Also, the cohort was selected at the time of recruitment as 
being mildly to moderately hypertensive, with screening diastolic blood pressure (DBP) in the 
range 90 to 114 mm Hg (mean 96, about 7 mm greater than the U.S. adult population average) 
and average systolic blood pressure (SBP) of 148 mm Hg. In addition, there were no extensive 
data collection forms to provide systematic information on such things as the presence of other 
risk factors (for hypertension) (Perry et al., 1982). 

In the air pollution analysis by Lipfert et al. (2000), pollutant levels of the county of residence at the 
time of entry into the study were used for analyses versus levels at the VA hospital area. While 
the use of monitors close to the subjects’ residences at the start of the study theoretically might 
provide better exposure estimates than metro-area averages used in other studies,-it may also 
have introduced exposure estimation error due to limited numbers of sites for each county, and 
possible residence changes within a metropolitan area over the years. Contextual socioeconomic 
variables were also assembled at the ZIP-code and county levels. The ZIP-code level variables 
were average education, income, and racial distribution. County-level variables included altitude, 
average annual heating-degree days, percentage Hispanic, and socioeconomic indices. Census 
tract variables included poverty rate and racial distribution. Countywide air pollution variables 
included TSP, PMjO, PM2.5, PM15, PM15-2.5, SO4, OS, CO, and NOz levels at each of the 32 VA 
clinics where subjects were enrolled. 
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In addition to considering average exposures over the, entire period, three sequential mortality 
follow-up periods (-I 976-81, 1982-88; 1989-96) were also considered separately in statistical 
analyses, which evaluated relationships of mortality in each of those periods to air pollution in the 
preceding, concurrent, or subsequent periods. The preliminary screening models used 
proportional hazards regression models to identify age, SBP, DBP, body mass index (BMI), age 
and race interaction terms, and present or former smoking as baseline predictors, with one or two 
pollution variables added. In the final model using 233 terms (of which 162 were interactions of 
categorized SBP, DBP, and BMI variables with age), the most significant nonpollution variables 
were SBP, DBP, BMP, and their interactions with age, smoking status, average ZIP education, 
race, poverty, height, and a clinic-specific effect. 

The large number of “control” variables may well have led to over-specification of the study 
models, which could, in turn, cause underestimation of the effects of other risk factors (e.g., for 
pollution). Indeed, even the smoking effect on mortality in the Lipfert et al. study (2000b) is 
smaller than in other studies: ‘The risk of current cigarette smoking (1.43) was somewhat lower 
than has been reported elsewhere, but other studies have not accounted for as many additional 
factors” (Lipfert et al., pg. 52). This is a red flag that over-specification of the regression models 
(i.e., by including too many predictor variables) may have occurred, potentially biasing the 
pollutant effect estimates downward, as well. 

The study’s choice of pollutant exposure averaging times may also be the source of differences in 
relation to other studies. While the .PM analyses considering segmented (shorter) exposure time 
periods gave unstable and differing results (including significantly negative mortality coefficients 
for some PM metrics), when methods consistent with those utilized in other studies were used 
(i.e;, m.ul+i-year average PM..concentratip~), the authors reported that “(t)he silngle-mortality- 
period responses without ecological variables are qualitatively similar to what has been reported 
before (SO.+= > PM2,5 > PM15).” Thus, methodological differences between Lipfert et al. (2OOOb) 
and the other major cohort studies may well be responsible for the different findings and 
conclusions reported by these authors. 

CHAPTER 7: STATISTICAL MODELS 

53. CQMMENT: The assessment of co-pollhatant effects is flawed. To be valid, studies must use 
multi-pollutant models. However, in many cases, where multi-pollutant models are used, PM 
coefficients decrease, suggesting no real effect from PM. The Report states there was no 
association between the effect estimates for each of the cities and the mean level of PM or other 
pollutants in the NMMAPS analysis of co-pollutant interactions. This is false. (Commenters 3, 12, 
15, 18) RESPONSE: Understanding the role of co-pollutants as independent risk factors for 
acute mortality and morbidity outcomes is very important. Whereas in the past much of the 
epidemiological work focused largely or exclusively on PM, more recently many investigators have 
specifically addressed this issue by including other pollutants in the analyses. While a precise 
understanding of the relative impacts of PM and co-pollutants remains elusive, enough evidence 
currently exists to reach the following conclusion. Although gaseous pollutants such as ozone, 
CO, NO*, and SOS are often associated with adverse health outcomes, the most consistent 
associations observed in the epidemiological literature are those involving PM. In studies 
including multiple pollutants in the analysis, PM has usually emerged as the most robust predictor 
of daily health outcomes. 

PM associations have been repotted in a wide variety of cities with different levels of, and 
correlations with, co-pollutants, including high and low SO* and ozone. In many cases, once PM 
effects have been accounted for in a study, the remaining co-pollutants have either not been 
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associated with the health endpoint(s) or else their inclusion in the model did not impact the 
estimated PM effect substantially, These ‘observations of PM’s Vobustness lend .increased 
confidence to the conclusion that PM exposures are the dominant, though perhaps not the sole, 
pollutant-related risk factor in the ambient environment. 

Statistical issues must also be considered in this regard. It is important to recognize that co- 
pollutants are often correlated (or collinear) with PM over time due to the primary importance of 
weather patterns in determining ambient concentrations on any given day. In addition, most of the 
criteria air pollutants are generated through fossil fuel combustion and thus share common 
sources. This temporal correlation, depending on its magnitude, can make it difficult in a statistical 
sense to separate out the independent effects of different pollutants. Where correlations are 
relatively low (e.g., less than 0.5) it is often possible to derive reliable effect estimates for multiple 
pollutants included simultaneously in a regression, though the standard errors of those estimates 
will be inflated. Indeed, as noted above, many studies have been able to demonstrate 
independent PM effects in the presence of co-pollutants. However, where correlations are high 
(e.g., greater than 0.8), including additional pollutants in a model often cannot help determine 
which pollutant is most important, because risk coefficient estimates and their standard errors 
become very unstable. Any change in the significance of PM may thus be due to predictable 
statistical aspects of multi-collinearity and/or differential measurement error. Thus, caution must 
be exercised in interpreting results of multi-pollutant analyses when high degrees of correlation 
are present. 

These points have been noted by many investigators, including Lipfert and Wyzga (1999) who 
state, “Single-pollutant regression results will likely overstate mean effects because of collinear 
relationships with other pollutants (if the other pollutants have effecfs, emphasis added), but 
multiple regressions may also yield misleading results under certain conditions, including high 
collinearity and differential measurement error.. -” This reference was cited by commenter 12. 

An additional factor that must be kept in mind when interpreting results from multi-pollutant 
analyses that the temporal relationships between ambient concentrations and population 
exposures vary for different pollutants The acute health effects captured by time-series 
epidemiological studies reflect associations between ambient concentrations and population 
health impacts- For these effects to represent a causal relationship, there must be a correlation 
over time between ambient concentrations and actual population exposures. This has been 
confirmed recently for PM25 in several studies, including an innovative study by Samat and 
colleagues (2001) who found no correlation between ambient concentrations and personal 
exposures for 0 3, N02, and S02. Furthermore, it was shown that ambient 03, NOa, and SO* 
concentrations did correlate with personal PM2.5. While wider confirmation is needed, these 
findings imply that ambient concentrations of gaseous co-pollutants can serve as surrogates for 
personal PM25 exposures, which could lead in some cases to a false attribution of health effects 
to ‘gaseous pollutants when, in fact, fine particles were the causative agent. Therefore, multi- 
pollutant models may not be suitable and the health effects attributable to ambient gases may be 
a result of PM2.5 exposure. 

The NMMAPS study included gaseous co-pollutants along with PM in alternative regression 
models fit to all 90 cities. While the PM effect estimates diminished somewhat, they remained 
strongly significant. In the NMMAPS analysis of PM effect estimates as a function of inter- 
pollutant correlations, there was no evidence of significant changes in the PM effects across a 
range of cities that differed substantially in the degree to which PM correlated with other 
pollutants- Samet et al. (2000a p 27) stated: “As for the 20 cities, the effect of PM1 0 changed little 
with control for the other pollutants.” Further, the HEI Review Panel (cited in Krewski et al., 2000 
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p. 75) concluded: “ . . -the’ Panel agrees that in the 20 cities ,n~ convincing -evidence suggests that 
PM10 effects on ‘mortality are changed by the addition of either 0% SQ, NO2 or CO 
concentrations to the models, suggesting that none of the other pollutants is responsible for the 
observed PM1 0 effects.“’ 

Regarding the prospective cohort studies by Pope et al. (!995) and Krewski et al. (2000), there 
are related issues when multi-pollutant models are used. While the PM25 estimate was 
decreased in the Krewski et al. (2000) sensitivity models that also included SOa, this should not be 
interpreted as necessarily signifying that the PM2.5 effects are actually smaller than the single- 
pollutant models indicate. When one includes correlated variables in a regression at the same 
time, such as SOa and PM25 in the case of the Krewski et al. sensitivity analysis, this violates the 
basic assumption of the regression model of the independence of the predictor (x) variables, so 
the effect estimates are biased in these cases by the resulting model inter-correlations among the 
independent variables. The likely reason that SO2 and PM2.5 are so correlated spatially is that 
they both are predominantly derived from a common source: fossil fuel combustion. This largely 
shared-source aspect of PM25 and SOn in the U.S. makes it very difficult for simultaneous 
regressions (e.g., those conducted by Krewski et al., 2000) to “partition” their respective effects. 
Thus, a finding that the PM2.5 effect estimates would be biased, and changed by the inclusion of 
a correlated variable such as SO2 would not be unexpected. The new estimate based on the 
multi-pollutant model is not better, however, due to the fact that two correlated variables were in 
the model at the same time, which violates the underlying regression model assumption of 
independent (i.e., uncorrelated) predictor variables, and wh’ich almost certainly statistically biases 
this two-pollutant model’s effect estimates in relation to the true effect estimates- 

Indeed, in the HEI Report (Krewski et al., 2000), the original research authors note- (on page 275) 
that: “We understand the inappropriateness of estimating many alternative statistical models that 
use many combinations of often correlated variables while searching for a preferred result or a 
statistical explanation for a disavowed result. We know that the Reanalysis Team, Expert Panel, 
Advisory Board, and Review Panel also understand the inappropriateness of such an approach. 
But, of course, it is hard to know when to stop. A systematic and skillful estimation of dozens 
(maybe even hundreds) of alternative statistical models with different variables and combinations 
of variables, even when it is done in the name of sensitivity analyses, will ultimately produce 
spurious associations.” 

It should be noted that the two-pollutant sensitivity model estimates by Krewski et al. (2000) of the 
PM25 effect still fell within the 95% confidence range of the single-pollutant model estimates, and 
with a relative risk estimate above 1.0, indicating that the PM2.5 effect estimates, though 
diminished for statistical reasons as discussed above, were actually not significantly changed by 
the addition of S02. 

Overall, the statistical ,importance of SO2 in the Krewski et al. (2000) sensitivity results seems 
unlikely to result from a true mortality health effect of SO* per se, but because it is another marker 
for fossil fuel combustion-related particles that form from the SOZ emitted by these sources. In 
fact, the HEI Report (Krewski et al., 2000) notes (on page 233) that “The absence of a plausible 
toxicological mechanism by which sulfur dioxide could lead to increased mortality further suggests 
that it might be acting as a marker for other mortality-associated pollutants”. Thus, the apparent 
SO,-mortality association is most likely to result from the fact that it is a marker for the fossil fuel 
component of PM2.5 particles, and, in turn, of an enhanced toxicity of these fossil fuel 
combustion-related particles versus other PM2.5 particles, rather than from a distinct SO* health 
effect. 
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54. COMMENT: Weather is an uncontrolled. confounder in many of the studies relied upon in the 
Report. (Commenters II, 12) .RESPONSE: Weather’ factors (e.g., temperature, humidity, 
dewpoint) have long been recognized as important potential confounders of the relationship 
between air pollution and acute mortality. It is well accepted that extreme heat events, as well as 
cold snaps, can lead to excess mortality. In addition, daily air pollution concentrations are closely 
linked to changes in weather. In view of these relationships, it is imperative that weather factors 
be controlled in time-series epidemiology studies. This has indeed been the case ever since the 
time-series design was first applied to the study of air pollution and mortality by Schimmel and 
Murawski in the 1970s. 

A variety of techniques have been used to control for weather factors in time-series studies of 
mortality and morbidity outcomes, including the use of linear terms, modeling extremes, and 
through nonparametric (nonlinear, data-driven) smoothing techniques- In addition, synoptic 
weather patterns have been used and data have been deseasonalized through smoothing 
functions. These methods are now developed to the point that there remains little concern among 
most analysts that weather factors could significantly confound the associations between air 
pollution and acute mortality or morbidity. The 1996 PM Air Quality Criteria Document of USEPA 
concluded that, “The observed PM effects are unlikely to be significantly confounded by weather.” 
This conclusion was affirmed in the current draft PMAQCD which states, “the issue of potential 
confounding by weather was extensively examined in two studies as reviewed in the 1996 PM 
AQCD, and was considered essentially resolved.” Later, in chapter 9, Integrated Summary, the 
CD states “The likelihood of PM effects being accounted for mainly by weather factors was 
addressed by various methods that controlled for weather variables in most studies (including 
some involving sophisticated synoptic weather pattern evaluations), and that possibility was found 
to be very unlikely.” 

Additional support for the view that weather factors do not confound the observed PM effects is 
derived from the fact that PM associations have been observed in cities with climates that are cold 
(Detroit, Montreal, Minneapolis, other Canadian cities, Helsinki) and warm (Bangkok, Mexico City, 
Southern CA), and well as cities with high and low humidity. Therefore, a common weather 
confounder is unlikely. Further, effects have been reported in cities where PM peaks in summer 
(Philadelphia, Steubenville, many East Coast cities) and winter (Utah Valley, Santa Clara) or 
spring (Helsinki) and in cities with muted seasonal changes (Palm Springs, London, Netherlands, .- 
Bangkok). 

55. COMMENT: The conclusion regarding the lack of threshold is unwarranted. (Commenters 3, 1 -l , 
12, 15) RESPONSE: There is no evidence yet available that identifies a population threshold for 
the acute mortality or morbidity effects of PM. There are many possible reasons for this. if, as 
expected, individual thresholds vary across the population, an analysis of aggregate population 
health data would tend to observe a continuous rise in health risk with increasing PM exposures. 
In addition, statistical power is usually very limited at the low end of the exposure range, leading to 
large standard errors on the risk estimates and an inability to statistically distinguish between 
linear and various nonlinear models, including threshold models. Finally, uncertainties in the 
relationship between ambient concentrations and population exposures introduce misclassification 
errors. It is acknowledged that the inability to identify a threshold using currently available data 
and methods does not mean that no thresholds exist at the individual level. While further work is 
needed in this area, at present there is insufficient evidence to identify a population threshold for 
the effects of PM. One exception to this conclusion is the work by Smith et al. (2000) for Phoenix 
which reported no association for PM2.5, as well as a potential threshold at around 20 pg/m3 and 
based on the graphical analysis, effects at concentrations greater than 20 pg/m3. Such a finding is 
not inconsistent with our findings and recommendations 
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For short-term exposure to PM, two general methods are available to address the issue of the 
existence of a threshold, or an ambient PM level below which there would be no risk of a 
significant adverse health outcome. First, it can be examined indirectly by considering data sets 
with very low mean ambient concentrations. Second, it can be examined directly by developing 
statistical tests that carefully model the shape of the concentration-response function. Both ‘of 
these approaches appear to indicate the lack of an observable population threshold. Regarding 
the first method, several studies have been conducted in cities with low ambient concentrations of 
PM10, including Morgan et al. (1998) for Sydney, Australia (mean = 18 pg/m3, based on 
conversion from co-located nephelometry data), Wordley et al. (1997) for Birmingham, UK (mean 
= 26 pg/m3), Schwartz et al. (1996) for the Harvard Six-Cities (mean = 25 pg/m3), Burnett et at. 
(2000) for the eight largest Canadian cities (mean =26 pg/m3), and Gwynn et al. (2000) for Buffalo 
and Rochester (mean = 24 pg/m3). In addition several cities in the data set used by Samet et al. 
(20OOa) have mean concentrations in the low 20s. Examination of these data indicates that the 
concentration-response functions are not driven by peak concentrations and that the slopes of 
these functions do not appear to increase significant!y at higher concentrations. 

Among the statistical approaches, Schwartz (2000a) simply examined the concentration-response 
relationship in 10 U.S. cities, restricting the data to only days where PM10 < 50 pg/m3. The 
resulting risk estimates were statistically significant and greater than for that of the entire data set. 
Two other papers first addressed the issue of whether existing statistical techniques could identify 
a threshold, assuming one existed. Cakmak et al. (1999) simulated data with varying degrees of 
exposure measurement error, based on actual data from Toronto. They examined whether 
statistical models used in most air pollution epidemiology (including locally weighted smoothing 
techniques in Poisson regression ,models) would be able to detecttthrestuotds in the PM-mortality 
association. They concluded that, if a threshold existed, it is highly likely that the existing statistical 
modeling would detect it. Many mortality papers have, in fact, examined the shape of the 
concentration-response function and indicated that a linear (nonthreshold) model fit the data well 
(Pope, 2000). 

A different statistical approach was used by Schwartz and Zanobetti (2000) ‘in their analysis of 10 
U.S. cities. The authors combined concentration-response curves across the cities, after 
demonsirating ihai this approach produced unbiased estimaies. Predicted values of the response 
function were estimated at 2 pg/m3 intervals. Results from this approach did not provide any 
evidence for a threshold effect. Finally, Daniels et al. (2000) used an alternative statistical 
approach to test for the existence of a threshold using the 20 largest cities in the U.S. The authors 
considered three alternative log-linear regression models. One used a simple linear term for 
PMIO, which could then be used as a basis for comparison with the other models. A second 
model used a cubic spline that would allow for nonlinearity in PM10 that could represent a 
threshold function. The third model presumed a threshold, in which a grid search was used to test 
for a concentration that would support a threshold. The results indicated that for the second 
model, which can allow for a threshold if the underlying data suggest one, a linear specification 
provided the best fit to the data. Analysis using the grid search model suggested that no threshold 
was apparent for either total mortality or cardiopulmonary mortality. Finally, using a goodness-of-fit 
test (Akaike’s information criterion) iO compare the simple linear nonthreshold model with models 
that would allow for a threshold concentration, the authors reported that there was no evidence to 
prefer the threshold models to the linear model. 

Schwartz et al. (1996) examined the relationship of PM2.5 concentrations and daily mortality in the 
Harvard Six Cities dataset. When they restricted the analysis to days on which the PM25 24-hour 
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average concentrations equalled or exceeded 30 or 25 pg/m3, Schwartz et al. (1996) found that 
the strong association persisted, suggesting’ that, if there is a threshold of effect, it cannot be 
found at concentrations in excess of 25 pg/m3. On the other hand, Smith et al. (2000) statistically 
examined the threshold issue in data on mortality and ambient PM25 from Phoenix, AZ. They 
reported evidence of a significant change in the regression slope at a concentration of around 20 
to 25 pg/m3 PM2.5, suggesting the possibility of a threshold in this range. However, to our 
knowledge, this is the only study to report such a finding. Staff from OEHHA and the Bay Area Air 
Quality Management District (BAAQMD) analyzed data from the two published California studies 
involving 24-hour measurements of PM2.5 and daily mortality counts (in Coachella Valley [Ostro 
et al., 20001 and Santa Clara County [Fairley, 19991). The modeling techniques used for the 
exposure-response functions included piecewise linear regression (e.g., utilizing several “hockey- 
stick” models), locally weighted smoothing in generalized additive models, trimming analysis 
(selectively deleting days with high PM2.5 values), and Bayesian models (comparing the 
likelihoods of various thresholds) to explore the evidence for a nonlinear exposure-response at low 
PM2.5 concentrations. In general, staff found that a linear, nonthreshold model within the 
concentration range of interest for PM2.5 provided an adequate fit .to the data, while threshold (or 
other nonlinear) models provided no better fit. Except for the report of Smith et al. (2000), it 
appears that relationship between daily mortality and PM2.5 is likely well characterized by a 
nonthreshold model, consistent with the findings reported by others for PM1 0 (see above). 

As indicated by Cakmak et al. (1999), measurement error in exposure could make it more difficult 
to find a threshold, assuming one exists. However, using a detailed simulation analysis, they 
report that for PM10 concentrations near the median and above (around 20 to 30 pg/m3 and 
above), which is an area of concern for standard-setting, even if the correlation between personal 
exposure and ambient measurement is as low as 0.6 to 0.8, the models are 80% likely to detect a 
threshold, assuming one existed. Studies in the U.S. and Holland have shown time-series 
correlations of about 0.8 between personal and ambient exposure for both PM25 and sulfates. 
Therefore, given that dozens of studies have failed to detect anything besides a linear, 
nonthreshold concentration-response function, it is unlikely that measurement error by itself would 
explain the lack of a demonstrated threshold. 

56. COMMENT: De-trending does not eliminate the need for season-specific time series analyses- 
(Commenters 11, 12) RESPONSE: De-trending is used in time-series analyses to remove the 
potentially confounding influence of strong seasonal cycles in both health and air pollution. We 
agree that season-specific analyses are valuable. However, year-round analyses after de- 
trending, the most prevalent approach available in the literature, still provide meaningful results on 
overall PM effects. Many of these approaches use a loess smoothing technique to control for 
seasonality. The loess smoothing technique can accommodate nonlinear and nonmonotonic 
patterns between time and other factors and the health outcome, offering a flexible nonparametric 
modeling tool. Including a smoothed variable in the model does not explain the underlying reason 
for the pattern over time, but controls for it statistically, allowing one to observe the relationship 
between daily mortality and environmental factors after the underlying trend in daily mortality is 
controlled for. Detailed analysis has demonstrated that these techniques are very effective in 
removing seasonal trends in the data. In addition, adding a locally weighted smooth of time 
diminishes short-term fluctuations in the data, thereby helping to reduce the degree of serial 
correlation. Serial correlation exists when the errors of the regression model are related over time, 
producing biased estimates of the variance of the explanatory variable coefficients. Finally, 
disaggregating the data by month or season introduces other problems into the analysis such as 
reduction in power, making it more difficult to find an effect given that one truly exists. 
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CHAPTER 7: 24-HOUR PROPOSAL FOR PM2.5 

57. COMMENT: Strongly support establishment of 24-hour PM2.5 standard, but believe current 
proposal is insufficiently protective of public health. Should apply additional margin of safety to 
address issues of environmental justice. The annual and 24-hour standards are not protective of 
public health. (Commenters 16, 2 9) RESPONSE: Based on current evidence, the proposal 
provides sufficient protection of public health, although there is no risk-free level. Multiple 
analyses of the exposure-response relationships between PM2.5 and mortality indicate that the 
data can be fitted most parsimoniously with linear, nonthreshold models. Given the apparent 
linearity of the exposure-response relationships in the epidemiological data, it is difficult to 
determine at what concentrations within the PM2.5 distributions in each study adverse health 
effects begin. Intuitively, one would expect greater biological responses and larger numbers of 
adverse events occurring at higher concentrations, everything else being equal. 

The importance of the linear, nonthreshold exposure-response relationship cannot be 
overemphasized in light of legislation requiring that ambient air quality standards be “established 
at levels that adequately protect the health of the public, including infants and children, with an 
adequate margin of safety.“ (California Health & Safety Code Section 39606(d)(2)) If a threshold 
in the exposure-response curve cannot be identified, then specification of an “adequate margin of 
safety” becomes challenging. The approach QEHHA staff members have adopted in pursuit of this 
objective has therefore been to: (1) identify indicators of the distribution of PM2.5 (specifically the 
means and ‘98’h percentiles) in epidemiological studies that demonstrate the relationship of 
ambient fine particles with adverse health impacts, (2) recommend that the distribution of PM2.5 in 
California be reduced below the levels of these distributions, and (3) incorporate a margin of 
safety in the form of-a standard “not to be exceeded”, which will assure-that the extreme values of 
the PM25 di&ibution in California will be lower (and in general substantially lower) than the 98fh 
percentiles of PM2.5 distributions in published studies. 

Without placing a short-term limitation on PM2.5 concentrations, recent experience in California 
indicates that even attainment of the recommended annual standard of 12 pg/m3 will allow for 
excursions well into the range in which adverse effects, including mortality, have been identified in 
epidemiological studies. Notably, the modified EPDC analysis undertaken by the ARB staff 
indicates that for several large air basins, the estimated 98’h percentile of ?he PM2.5 distribution 
consistent with attainment of an annual standard of 12 pg/m3 would be in excess of 40 pg/m3. 
Thus, adoption of a 24-hour standard of 25 pg/m3 would be intended to limit such excursions. 

Regarding the issue of environmental justice, we agree with the commenter that this is an 
important issue that needs to be reviewed and analyzed. However, we believe that environmental 
justice issues such as exposures of sub-populations to higher than average PM levels, are best 
addressed in the implementation phase of these standards, not in the setting of the standards 
themselves. 

58. COMMENT: The proposed 24-hr PM25 standard does not acknowledge the lack of controlled 
experiments demonstrating effects at or around the level of the standard. Only controlled studies 
can credibly establish a causal relationship between PM exposure and health endpoints. The 
estimated risk is sensitive to model specification, city, data and control for weather. (Commenters 
15, 18) RESPONSE: We disagree that only controlled studies are sufficient for causal inference, 
especially for study of PM and mortality. Most etiologic inference in medicine is based on 
epidemiological studies, not controlled exposures. Using generally accepted guidelines for causal 
inference, relationships between PM and adverse health impacts are addressed in Section 7.9 of 
the proposal, reviewed by AQAC in January 2002. Specifically, we carefully examined generally 
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accepted guidelines for .causal inference, including: (1) the consistency of the findings; (2) the 
coherence of the study results; (3) the .likelihood that findings are due to chance; (4) the .possibility 
that findings are due to bias or confounding; (5) temporal sequence. of the associations; (6) the 
specificity “of the findings; (7) evidence for exposure-response relationships; (8) strength of the 
associations; and (9) the biological plausibility of a causal associations- These are based on 
informal guidelines for causal inference described by Sir Austin Bradford Hill, as modified by other 
epidemiologists (Hill, 1965; Rothman, 1982). The scientific evidence linking PM exposure to 
premature mortality and a range of morbidity outcomes appears to meet the generally accepted 
guidelines for causal inference in epidemiology. Much current research is now focusing on 
biological mechanisms in order to provide a more complete understanding of the effects of PM. 

We agree that risk estimates are sometimes sensitive to city or region examined, model 
specification, control for weather, degree of measurement error, and inclusion of correlated co- 
pollutants. However, this does not invalidate assessment of causal relationship between ambient 
PM and adverse health outcomes. 

59. COMMENT: The 24-hour proposal for PM2.5 ignores the nature of PM as a mixture, with 
constituents of varying toxicity. This may lead to control of the wrong components, with few health 
benefits. (Commenters 14, 15, 18) RESPONSE: There is an ongoing debate over whether 
toxicity is more related to particle size, mass, number and specific constituents- More research is 
clearly necessary. Any new information on this issue will be incorporated into ARB policy and 
standards development over time. However, it is generally accepted among researchers that 
combustion-related particles (e.g., diesel) are toxic and several articles are cited in the document 
that support this contention. There is sufficient scientific evidence on fine particles that warrant 
concern including: (i) they deposit throughout the lung and are retained in large quantities; (ii) 
they are linked in controlled exposure studies with lung inflammation; (iii) they easily penetrate 
residences; (iv) there are many epidemiological studies indicating associations with daily morbidity 
and mortality. 

CHAPTER 7 : PARTICLE DOSIMETRY 

60. COMMENT: The commenter raises questions related to fine particle dosimetry in the lung. The 
commenter notes a lack of discussion of particle dosimetty modeling in Section 7.1; specifically 
that there is no mention of’ the 1994 ICRP Human Respiratory Tract Dosimetry Model. The 
commenter cites work of Snipes et al. (1997) and others to argue that model estimates of doses of 
fine particles delivered and retained in the alveolar-interstitial (Al) region of the lung are too low to 
cause any toxic or adverse action, which therefore undermines any causal relationship between 
particle exposures and adverse health effects. The commenter succinctly summarizes several 
pages of comments as follows: =mhe lung modeling data not only fail to support the proposed 
toxicity of fine particles as the cause of the statistical associations observed in epidemiological 
studies, but the dosimetry unequivocally shows that the daily alveolar deposits of fine particles and 
their potentially toxic components under present U.S. urban conditions are too low to be 
responsible for complex health effects like increased daily morbidity and mortality.” (Commenter 
12) RESPONSE: We have retitled Section 7.1 as “Particle Deposition, Clearance, and Dosimetry” 
to indicate that the section covers deposition and clearance as well as dosimetry. In addition, we 
have added a couple of paragraphs to the end of Section 7.1 .I incorporating data from the article 
by Snipes et al. (1997) cited by the commenter. While the commenter correctly indicated that the 
document should have additional information on particle dosimetry, we cannot agree with the 
assertion that the estimated doses are too low to have any toxic effect, for the following reasons: 
(1) mechanisms of particle-associated toxicity are incompletely understood, much less quantified; 
therefore, it is not possible to designate what constitutes a negligible dose; (2) to support the case 
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that daily doses are trivial, the commenter has selectively cited the metrics used by Snipes et al. 
(I 997) - other metrics (e.g., particle num.ber/surface area) suggest potentiajy -greater exposures, 
especially to the conducting airways (i.e., bronchi and bronchioles); (3) ‘the work by Snipes et al. 
(-I 997) is based on population average airway dimensions in the ICRP model and does not 
incorporate the large inter-individual differences in deposition related to variations in age, disease 
state, and pulmonary anatomy as well as ventilation patterns, short-term peak exposures, and so 
forth; (4) by focusing only on the alveolar-interstitial portion of the lung, the commenter assumes 
that exposures occurring in the bronchi and bronchioles are clinically unimportant. We cannot 
agree with the latter approach, both because some of the important adverse health effects 
associated with particle exposure are airway-related (e.g., exacerbation of asthma), and because 
the airway particle doses estimated by Snipes et al. (1997) are much greater than those predicted 
for the alveolar interstitial area, for both fine and coarse particles. Thus, as noted above, we have 
modified Section 7.1 .I to incorporate some of the particle dose estimates provided by Snipes et al. 
(I 997) using the 1994 ICRP Human Respiratory Tract Dosimetry Model, but unlike the 
commenter, we cannot, for the reasons indicated, portray these doses as negligible. It follows, 
therefore, that we do not accept the assertion that the scale of the estimated doses precludes a 
Gausal relationship between particle doses and adverse health impacts. Additional detail is 
provided below. 

Snipes et al. (1997) modeled particle size distributions as observed in environmental aerosols 
from Phoenix and Philadelphia. Table q summarizes the percent of total mass, number and 
surface area of three modes of the aerosols modeled: Fine, Intermodal, and Coarse. 

Table 1. Percent of Total Mass, Particle Number, or Surface Area of Each of Three Modes for 
Philadelphia. and Phoknix Aerosols (Snipes et al., 1’997) 

Table 2 summarizes model dose estimates for the alveolar-interstitial (Al) region from Snipes et al. 
(1997). Table 3 provides model Al dose estimates for the general population exposed to three 
different particle sizes determined by the U.S. EPA. 

Since the mechanisms of particle-associated toxicity are unknown, it is not possible to predict with 
any degree of certainty what doses can be considered negligible. Similarly, the dose metric most 
closely linked with adverse effects is unknown. An examination of Table 2 shows that the values 
for a selection of reasonable dose metrics predicted for the fine particle mode in simulations based 
both on the Philadelphia and Phoenix aerosol particle size distributions cannot be considered 
“negligible” when compared to those of the larger sized fractions. The values from U.S. EPA for a 
general U.S. population use smaller particle sizes for all modes and would be expected to give 
even higher values for the Al dose metrics in Table 2. 

The equilibrium burden in the Al region predicted by Snipes et al. (1997) is based on assumptions 
of dissolution-absorption properties that may not hold for lifetime simulations. To quote the 
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authors: “With respect to constructing accurate retained dose metrics for particles in the 
respiratory tract, in \iivo dissolution-absorption rate characteristics are key determinants of particle 
clearance. These characteristics are more difficult to determine and were not .done for the 
different modes of the Philadelphia and Phoenix aerosols. The approximations for dissolution- 
absorption rates used in this article could therefore yield only illustrative modeling results that 
would be improved with accurate values for these parameters.” 

Table 2. Model Estimates of Selected Dose Metrics for the Alveolar Interstitial Region* 

*Values are for inhaled aerosols 50 pg/m3, 24hr/d, 7d/wk. Snipes et al. (1997) 

Table 3. Model Estimates of Particle Deposition in the Al Region for General Population* 

Breather/Metric 
Normal Augmenter 
Percent 
w  
Mouth Breather 
Percent 

Fine Medium Coarse 

7.0 4.2 2.5 
69 42 25 

7.2 4.2 6.2 
I@2 71 42 62 
MMAD, pm 0.0169 0.18 5.95 

*U.S.EPA (2000) - online source 

Notwithstanding the difficulties noted above, the commenter cites modeling results from Vostai 
(2000) indicating that “the estimates show that when the deposits are expressed in effects-related 
metrics, e.g., amounts of fine particles or their components deposited daily per square centimeter 
of lung surface in the alveolar/interstitial region, the deposits are of a very low magnitude and 
represent only fractions of nanograms mass (IO”>,,... Vostal (2000) extended the findings of 
Snipes et al. (1997) using chemical speciation data on PM 2.5 from Houston, Texas (Tropp et al., 
2000), assuming that Houston particles would be representative of Phoenix and Philadelphia, and 
by extension, cities in California. Vostai’s results are summarized in Table 4. Vostai does not 
include organic carbon as a significant speciated component even though its mass was more than 
twice that of elemental carbon (3.3 vs. 1.5 pg/m3); moreover, he does not include arsenic among 
toxic metals- Vostal (2000) and the commenter conclude that one of several potential mass- 
related dose metrics is the most relevant and that because estimates for this metric are very low 
for individual aerosol components, then the latter or their aggregate cannot be causally associated 
with adverse health effects. In the author’s words “the 24 hr. levels of the deposited PM2.5 
particles and their components are too low to produce a measurable health effect or be 
responsible for a complex biological endpoint like sudden changes in morbidity or mortality.” 
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As noted above, the mechanism of toxicity for the observed adverse effects is unknown. While 
conventional mass’ dose metrics indicate low estimated doses for total particles and various 
components, we do not know if they are too low “in aggregate” to cause adverse effects by as yet 
unknown mechanisms- Also while the Alveolar-Interstitial region is considered by the commenter 
and the cited authors to be the most sensitive region of the lung in terms of particle-induced 
adverse effects, the conducting airways are also clearly a likely target tissue. 

Table 4. Predicted Dosimetry of Fine Particles and Their Components in the Alveolar- 
Interstitial Region of the Lung (Vostal, 2000) 

*For residents inhaling an average annual PM2.5 concentration of 17.5 pg/m3 in the Philadelphia and 
Phoenix dosimetry models. 

CHAPTER 7: BIOLOGICAL MECHANISMS 

61. COMMENT: The commenter indicates that the Draft relies on high-dose toxicology studies, 
involving nonphysiological modes of exposure (especially intra-tracheal administration) to support 
the notion that there are biologically plausible explanations for the particle-associated adverse 
health effects reported consistently in the epidemiological literature. The commenter also criticizes 
the methodology of a paper cited by OEHHA (Nemmar et al., 2001 b), in which the investigators 
had concluded that radiolabeled ultrafine particles could be detected in the blood shortly after 
inhalation. (Commenter 12) RESPONSE: We agree that high-dose intra-tracheal administration of 
particles or in vitro exposures of lung tissue are not necessarily representative of what might occur 
toxicologically when humans are exposed to ambient particles. Although we believe that there 
were sufficient caveats to this effect in the initial Draft, we have added several more qualifications 
throughout the text of Section 7.8, indicating the tentativeness of the state of the science 
regarding mechanisms of particle-associated toxicity and that one cannot directly extrapolate such 
findings to human exposures to ambient particles. Nevertheless, there are also several studies 
discussed in Section 7.8 involving potential mechanisms of particle-related cardiovascular and 
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pulmonary effects, in which the human subjects were exposed in daily life to ambient particles or 
in a controlled setting to particle levels consistent with occupational exposures, with ambient 
exposures in the developing world, or with peak exposure levels at busy intersections in rush-hour 
traffic. (See below) Thus, though we concur to some extent with the commenter, we would 
suggest that the concluding sentence to section 8 (unaltered) still expresses our view regarding 
potential biological mechanisms: “While the evidence is still fragmentary, it represents a dramatic 
advance from a few years ago, and begins to sketch a framework of biological plausibility for the 
time-series studies.” 

With respect to commenter’s critique of the Nemmar et al. (2001b) report cited in the initial Draft, 
we think that subsequent publication of the work by these investigators addresses the 
methodological concerns expressed by the commenter (Nemmar et al., 2002). The comment 
raises an obvious concern that the investigators were clearly aware of, and which they have 
addressed sufficiently for the work to be published in a high-caliber medical journal (Circulation). 
Furthermore, even if the results of Nemmar et al. (2001a, b; 2002) were later found to be spurious, 
the potential for systemic pathophysiological ,effects related to pulmonary deposition of particles 
has been demonstrated by several other laboratories, and does not rest alone on the rapid 
absorption of particles into the blood. Thus, we have not modified the document in response to 
this comment.. 

CHAPTER 7: PULMONARY AND SYSTEMIC INFLAMMATION 

62. COMMENT: The commenters discuss a variety of perceived shortcomings of several papers cited 
in the Draft in support of the notion that particle inhalation can result in inflammation in the lung, 
and suggest that the Draft should provide a much more critical discussion of these reports, which 
include several with very high doses relative to ambient concentrations. Exposures to near- 
ambient levels are needed to confirm the high-does experiments. (Commenters 11, 12) : 
Pulmonary inflammation is, in itself, a (normal) physiological, self-limiting response to respiratory 
stress- The papers cited in the Draft do not support the conclusion in the summary of section 7.8 
that localized airway inflammation “provides mechanistic support for a causal relationship between 
ambient PM and the cardiopulmonary morbidity and mortality.” In addition, the commenter states, 
“In the present fom-r, the summary [of the section] is too strongly influenced by studies that use 
particle challenges much higher than those occurring under ambient levels and erroneously 
interprets small transient and beneficial changes in physiological defense mechanisms as indices 
of some as yet undocumented permanent pathological inflammation.” (Commenter 12, pp- 68-73) 
The summary paragraph should exclude references about systemic effects because these are 
based on studies that may not be relevant to humans exposed to ambient PM. (Commenter 11) 
RESPONSE: In the original Draft, we recognized that studies such as those noted by the 
commenters have inherent limitations with respect to extrapolation to humans; however, we agree 
that the initial Draft did not sufficiently convey our understanding of some of these limitations. As 
noted in the response to the previous comment, we have added several qualifying remarks about 
the applicability of some of the experimental studies to ambient particulate matter exposures in 
humans. For instance, the summary paragraph in the revised Section 7.8.2 now reads: 7aken 
together, these data suggest that inhalation of diRerent sources of particles may initiate 
inflammatory events in human lungs, with some (albeit sparse) evidence of systemic impacts, 
including stimulation of bone marrow to accelerate production of intlammatory cells to respond to 
the pulmonary insult. However, these observations are subject to the caveat that th.e results 
observed in the high-dose animal and in vitro experiments, as well as in the controlled human 
exposures, may or may not be directly applicable to humans exposed to ambient PM. n 
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We have also added a sentence about the utility of low:level controlled human exposures to the 
paragraph that describes the limitations of the human diesel exposure studies. 

The principal objective of Section 7.8 and its subsections was to illustrate that potential 
mechanisms to explain the epidemiological time-series observations are beginning to emerge, in 
contrast to the abyss of ignorance in this area just a few years ago. In addition, while strong 
evidence of biological mechanisms is certainly useful in assessing causal relationships between 
environmental exposures and disease, such evidence is not a sine qua non for causal inference. 

We would.take issue (as did members of the Air Quality Advisory Committee) with the assertion 
that localized inflammation should be interpreted as a (normal) physiological response rather than 
a pathological process. While inflammation in response to acute injury is a normal process, the 
inflammatory process can amplify oxidative stress, and result in the circulation of systemic 
chemical messengers that may have pathophysiological consequences. The assertion that 
pulmonary inflammation induced by exposure to ambient PM concentrations would be of little 
consequence is speculative at best, and is not based on sound science. Finally, the Draft does not 
interpret “small transient and beneficial changes in physiological defense mechanisms as indices 
of some as yet undocumented permanent pathological inflammation.” (emphasis added) Section 
7.8 and subsection 7.8.2 provide a description of pathophysiological events that may underlie 
acute responses to particulate matter air pollution, and do not refer to “permanent pathological 
inflammation.” 

63. COMMENT: The studies on bone marrow stimulation by PM exposure have significant 
methodological flaws - in the Tan et al. (2000) study of military recruits fighting wildfires in 
Indonesia there were likely confounding exposures (“the CO [carbon monoxide] levels would have 
likely been quite high” ds well as “stress, exhAustion, and injury”), while the artificial’ mode of 
administration (intrapharyngeal) route and high dose of PM administered to rabbits (Mukae et al. 
2001) precludes comparing these results with the human study. (Commenter 11) RESPONSE: 
The methods section of the Tan et al. (2000) paper indicates nothing about the subjects’ fighting 
wildfires in Indonesia, but rather that they were national service men in a neighboring, but entirely 
different, country (Singapore) who undertook regular outdoor activities (“walking, marching, 
jogging, swimming, and obstacle training, as well as some indoor classroom activities”) during a 
period of atmospheric haze resulting from the Indonesian fires. While it is possible that there may 
have been confounding exposures, those related to fire fighting (CO, stress, exhaustion; and 
injury) would not have been among them. As for the high-dose rabbit study (Mukae et al. 2001), 
the Draft indicates in several parts of Section 7.8 that the results of high-dose animal studies using 
nonphysiological routes of administration may have limited generalizability (see above responses). 
Thus, we have not changed the document specifically in response to this comment. 

CHAPTER 7: EFFECTS ON THE CIRCULATION AND CARDIAC EVENTS 

64. COMMENT: The published studies cited in the Draft have methodological omissions that vitiate 
their ability to explain mechanistically the results of the time-series studies linking cardiovascular 
outcomes to ambient PM. The associations repeatedly observed in epidemiological studies may 
be due to something else, such as “random changes in the progress of a chronic disease rather 
than by the variability of ambient PM pollution.” (Commenter 12) RESPONSE: As noted in the 
response to the comment on Section 7.8.2, we have modified the Draft to indicate that this section 
is intended to convey that researchers have begun to identify biologically plausible mechanisms 
that may help explain the findings of the time-series studies. Neither the prior Draft nor the 
revised report claim that these studies provide definitive, uncontroverted proof of the specific 
mechanisms. The commenter provides no scientific foundation for the assertion that “random 
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changes” in cardiovascular disease status are responsible for the consistent, statistically 
significant associations between changes in PM pollution and serious -exacerbations of 
cardiovascular disease (as represented by hospitalizations for ischemic heart disease). 

65. COMMENT: The sentence indicating that one should be careful interpreting the controlled diesel 
exhaust studies should also indicate that high concentrations of PM were used. (Commenter 1 I) 
RESPONSE: We agree and have changed the sentence to read as follows: “This observation is 
subject to the caveat that three of these four studies involved exposures to high concentrations of 
diesel exhaust particles, which may not necessarily be representative of ambient PM generally.” 

66. COMMENT: Baseline levels of C-reactive protein were obtained 3 years after men were initially 
studied in the German MONICA study (Peters et al. 2001 b). This appears to be problematic for a 
variety of reasons. (Commenter 11) RESPONSE: This study (Peters et al., 2001 b) did not just 
look at comparisons of blood samples taken three years apart; the latter was just one of several 
comparisons undertaken demonstrating an association between ambient PM (measured as total 
suspended particles) and one blood marker of a systemic physiological response. In addition, this 
study is cited in the Draft as one of several interesting recent reports that may illustrate potential 
mechanisms relating exposure to ambient PM and cardiovascular outcomes- 

67. COMMENT: The standard-setting process should be based on controlled experiments with a 
concentration range including the standard. Using the results of epidemiological studies and high- 
dose controlled exposure studies represents “a most disturbing development in the standard- 
setting process because it encourages advocacy through questionable extrapolations rather than 
scientific rigor.” (Commenter 11) RESPONSE: The results of controlled exposure studies have 
generally been used in the formulation of short-term standards related to specific gases, 
exposures to which can be carefully tailored because of the uniform composition of the gas. In 
contrast, the heterogeneous nature of PM (size, physical state, chemical and biological 
composition, source mixtures), has until very recently posed a daunting challenge to the 
implementation of controlled human exposure studies involving ambient or concentrated ambient 
particles (other than model particles such as ‘sulfuric acid). Therefore, the existing state and 
federal standards for PM have been based on epidemiological studies, recognizing the potential 
difficulties in the interpretation of such studies, particularly exposure misclassification. The 
limitations of epidemiological studies are acknowledged in the report, and have been taken into 
account in the recommendations for standards. This is not a new development in the standard- 
setting process, as suggested by the commenter: the existing Caiifornia PM10 standards were set 
in 1983. In addition, the 24-hour SOS standard in California is also based solely on 
epidemiological studies. Moreover, epidemiological studies have been factored into the standard- 
setting process, at both state and federal levels, for ozone and nitrogen dioxide as well. Finally, 
controlled exposure studies are also subject to inherent limitations that affect their utility in 
standard-setting: (1) only short-ten-n responses to relatively brief exposures (usually no more than 
several hours) can be evaluated; (2) there is often limited statistical power to detect effects, due to 
the typically small numbers of subjects; (3) controlling the experimental conditions may result in 
failure to capture effects found in complex real-world exposures; and (4) multiple selection biases 
in recruiting study subjects reduce the generalizability of such studies. 

CHAPTER 7: DISTURBANCES OF THE CARD/AC AUTONOMIC SYSTEM 

68. COMMENT: Limitations of study design and small numbers of subjects limit the utility of studies 
on heart rate variability (HRV) and others examining heart rate and rhythm; thus, it is premature to 
rely on these for deriving mechanistic hypotheses. However, “the Draft correctly cautions that ‘it is 
unknown whether this relationship is causal or whether decreased HRV represents only an 
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epiphenomenon of more fundamental pathophysiological changes.“” On the other hand, it is 
“difficult to understand how the Draft concludes that studies of cardiac function in which high PM 
doses were administered to compromised experimental animals ‘bolster the biological plausibility 
of the human studies’ reporting statistically significant associations between ambient PM 
exposures and mortality and morbidity.” (Commenter 12) RESPQNSE: The Draft indicates that 
the human studies may have limited applicability for causal inference, as noted by the commenter. 
The full text of the sentence on animal studies in the Draft reads as follows: “Such investigations 
bolster the biological plausibility of the human studies, but are nevertheless limited by 
uncertainties related to cross-species extrapolation and high-level exposures used.” Thus, in 
context, it is clear that QEHHA has indicated that the interpretation of the animal data is subject to 
inherent constraints. We have not changed the Draft in response to this comment. 

CHAPTER 7: SUMMARY 

69. COMMENT: The Draft “provides a thorough and nearly exhaustive listing of scientific data 
published on toxicology and potential mechanisms,” but fails because:’ (1) there, is no 
documentation that children are not protected by existing standards; (2) there is no “criticai 
evaluation of the scientific validity and environmental relevance of the new data,” which would 
demonstrate that the high doses used in these studies cannot be realistically extrapolated to 
ambient levels of exposure; (3) an authentically critical review would reveal that there- is no 
“plausible and scientifically sound mechanism that would explain or support the causal role of low 
level PM pollution in the statistical associations observed in epidemiological studies.” (Commenter 
12) RESPONSE: This section was not intended to address the health-protectiveness of existing 
ambient air quality standards for PM. This issue was covered in more detail in OEHHA’s review of 
all the health-based ambient air quality standards in Cali-fomia under the mandate of the Children’s 
Environmental’ Protection Ai=f during 2000, whidh is described in a joint staff repot-t-by the Air 
Resources Board and the Office of Environmental Health Hazard Assessment, entitled “Adequacy 
of California Ambient Air Quality Standards: Children’s Environmental Health Protection Act,” 
November 2,200O. 

As noted in prior responses to comments, the revised Section 7.8 has been modified to clarify the 
limitations on the generalizability of the high PM doses used in experimental animal and in vitro 
studies: as well as the controlled human exposure investigations. However, it should be noted 
that a number of the epidemiological studies cited in this section examined potential mechanisms 
between ambient PM concentrations and acute responses (e.g., heart rate variability - Liao et al., 
1999; Gold et al., 2000; Pope et al., 1999c; cardiac arrhythmias - Peters et al., 2000a). In studies 
such as these, cross-species and high-to-low dose extrapolations are not at issue. 

CHAPTER 7: CAUSAL INFERENCE 

70. COMMENT: There are sufficient difficulties in meeting each of the causal inference guidelines 
such that the Draft “significantly overstates the strength of the case for establishing causality for 
PM.” The specific criticisms are generally presented in greater detail in other comments in this 
submission (e.g., Consistency and coherence of results, bias, confounding.) (Commenter 12) 
RESPONSE: We disagree with the commenter’s assessment regarding causal inference, More 
detailed responses to the various specific points raised by the commenter are provided elsewhere 
in this appendix. 

CHAPTER 8: WELFARE EFFECTS 

71. COMMENT: Eleven minor comments on Chapter 8. (Commenter 1 ‘I) 
,3 
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d) 

e) 

f 1 

s> 

h) 

0 

Pg. 229 line 40: There is a typographic error. RESPONSE: The commenter correctly 
identifies a typographic error - Rayleigh scattering is due to gases;‘variable should be Bsg. 
This has been corrected. 

P230 lines 42-45: Absorption is much less size-sensitive than scattering. RESPONSE: The 
commenter correctly notes that absorption is much less size-sensitive than scattering. The 
sentence referred to emphasizes size effects on scattering; absorption is treated in the 
preceding sentences. 

P233 lines 26-29: The commenter requests that a more recent statewide review of visibility be 
included. RESPONSE: A more recent statewide review of visibility would be desirable, but no 
such analysis exists. Contrary to commenter’s contention, the data available (e.g. IMPROVE 
data for rural sites) do not show a significant improvement since the 1980s. 

P240 Section 8.4: The commenter asserts that no adverse climate effects have been shown, 
and that reductions in some PM emissions may reduce aerosol cooling effects, thus 
exacerbating global warming. RESPONSE: While both statements are technically correct, the 
intensity of such effects, and California’s contribution to them, are not known, and therefore 
can not be quantified in this document. The purpose for including this material in this 
document is to provide decisionmakers with a complete review of the potential consequences 
of regulating PM. The equivocal nature of current global assessments of climate effects of PM 
does not obviate the need for discussion. 

P244 lines 21-25: The commenter asserts that PM - COl, linkage only exists for “natural 
emissions.” RESPONSE: This is incorrect. On a continental to global scale, fossil fuel CO;! 
emissions are highly correlated with combustion PM emissions, albeit at different mass ratios 
than for “natural” sources. The comment incorrectly implies that all biomass emissions are 
“natural;” in fact, a large fraction of vegetation burning is due to human ignition (see preceding 
paragraph on same page). Finally, natural dust emissions are completely uncorrelated with 
CO2 emissions. 

P249 Section 52.3: The data on California acid fog are dated. RESPONSE: The commenter 
correctly notes the California acid fog data are somewhat dated, and speculates that recent 
emission reductions may have ameliorated the problem. We are not aware of any more recent 
data, but would agree that present conditions are most likely no worse than when the data 
were collected, and present conditions may be somewhat improved due to decreased NO, 
emissions statewide. 

P250 Section 8.5.3: The commenter asserts that acidity effects are minimal. RESPONSE: 
We concur, but note that the purpose of this report is to review all effects of PM, not only those 
that currently pose serious risk. 

P250 lines 19-24: The commenter asks what is the basis for the conclusion that aquatic 
systems are nitrogen limited and potentially at risk. RESPONSE: This paragraph should have 
referenced Melack and Sickman, 1997 (listed in references). This reference has been added. 

P250 lines 25-31: Trout are not adversely affected by the present level of acid deposition. 
RESPONSE: The commenter notes that trout are not known to be adversely affected by 
present acid deposition, but confuses lack of effect with lack of risk. The Commenter correctly 
notes that there is a missing reference. It is: Jenkins, T. M. Jr., et al., 1994. Aquafic biota in 
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the Sierra Nevada: current status and potential effects of acid deposition on populations, Final 
Report, Contract A932-138. Caiifornia.Air’Resources Board, Sacramento, CA. 

j) P25Q lines 38-42: Paragraph reports that it would take a 50 to 150 percent increase in acidic 
deposition to acidify the most sensitive Sierran lakes. RESPONSE: The commenter correctly 
notes that this provides no justification for additional controls. The purpose of including this 
information is to provide decisionmakers with an understanding of the “margin of safety” that 
exists under present circumstances. 

CHAPTER 9: CONTROL ISSUES 

72. COMMENT: There is no assurance that PM10 controls wilt effectively control PM2.5 as well. 
(Commenter 1) RESPONSE: California’s PM10 control programs address both fine and coarse 
particles. Fine particles are. typically controlled through statewide programs (such as reducing 
tailpipe emissions from cars and trucks, and requiring cleaner fuels) and district programs. These 
fine particle programs target both particulate precursors (such as NOx and SOx) and direct 
particulate emissions (such as diesel exhaust and woodsmoke). Coarse PM is generally 
controlled at the district level because sources tend to be local, for example dust controls. 
Because the ratio of coarse and fine particulate matter varies both geographically and seasonally, 
the types of additional measures needed to augment statewide controls must be tailored to local 
conditions. 

CHAPER 10: BENEFITS ASSESSMENT 

73. COIHMENT: It is inappropriate to -apply concentration-response-functions to cities other than the 
one for which the function was derived. (Commenter 1 I) RESPONSE: This‘is a valid concern. To 
address this concern, we have assessed whether there is evidence that health effects of PM are 
different in California than in the rest of the country. Our conclusion was that there was not 
sufficient evidence to conclude that the health effects of PM are any different in California than 
they are anywhere else. The Samet et al. study of 90 cities shows a regional pattern of results 
with higher PM health effects in the Northeast than elsewhere in the country. Their results for 
California suggest that average effects in California are similar to the national average. It is true 
there is variability in results for a given health effect from different studies in different locations. 
Thus, there may be potential error in extrapolating coefficients from one location to another. 
Reasons for these differences are not identified sufficiently at this time to allow for adjustment for 
different locational characteristics. To the extent possible we have used studies from California, in 
order to lessen this potential bias. In some cases, such as restricted activity days, we have used 
a national study. The most important adverse health effect is premature mortality associated with 
ambient particulate pollution. Numerous studies have examined the impact of ambient particulate 
matter in areas throughout the United States, and the world. There is fairly good agreement that 
ambient particulate matter contributes to premature mortality. For our analysis, we have used the 
work by Krewski et al. (2000) which is widely considered the best epidemiological study to date 
examining the linkage between particulate matter and premature mortality. Krewski et al. included 
more than half a million participants from over 50 cities throughout the United States, including 
California. 

The commenter also questions the validity of applying the coefficient estimated for one location to 
other locations because the coefficient is estimated based on the mean PM concentration for that 
location. Therefore, the coefficient cannot be applied to other cities unless the city of interest has 
the same mean PM concentration as the original study city. Krewski et. al. examined the issue of 
linearity or nonlinearity in the relationship between particulate matter and premature mortality, and 
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concluded that they could not rule out linearity. This suggests that it is n-ot especially important 
whether the change in ambient particulate matter that we are examining is occurring at the mean 
or not. 

To the extent possible, we have used the best epidemiological studies and baseline incidences 
appropriate for California. It is our judgment that using the best available methods is superior to a 
qualitative assessment or not do an assessment of the impact of air pollution. 

The alternative implied by the comments is that we cannot say anything about the health benefits 
of air quality improvements in a location unless we have original health effects studies in that 
specific location. This is unreasonable. 

74. COMMENT: There are no baseline data for some of the endpoints. (Commenter 11) 
RESPONSE: As a matter of fact, baseline incidence rates are available for each of the C-R 
functions that we have used. In the case of restricted activity days, we obtained national 
incidence rates from the National Center for Health Statistics. In the case of lower respiratory 
symptoms, we used a rate based on an epidemiological study of children in six US cities- The 
meaning of lines 17-20 on page 263 was that for some endpoints there were no baseline data 
other than the baseline data reported in the original studies. 

The comments also stated that it was not a scientifically valid methodology to use baseline 
incidence rates other than those reported in the original studies. In fact, the incidence rates 
reported in the original study from which we developed a C-R function are irrelevant for our 
application. The relevant issue is whether the C-R function and incidence rate are appropriate to 
estimate adverse health effects associated with air pollution in California. Clearly, some C-R 
functions and incidence rates are better than others. The question is whether the available data 
do a reasonable job of estimating the impact of air pollution on people’s health in California. Once 
the best C-R function is selected, the original baseline incidence rates become irrelevant, because 
the C-R function we used is essentially a relationship of ratios or a percentage. The baseline 
rates or any scaling factor is not going to change the ratio. Therefor*, instead of using the 
baseline incidence rate from the original study, we used California-specific baseline incidence 
rates when they were available. 

75. COMMENT: All information used for the calculations in Tables 7.7 and 7.8 should be provided for 
public review. (Commenter 1 I) RESPONSE: Although we did not include PM concentration and 
population data in Tables 7.7 and 7.8, we did include PM2.5 concentration change and population 
data at county level in Table 10.9 and 10.10. With that, one can easily derive annual PM2.5 
concentration- PM26 and PM10 concentration data at the air basin level were presented in Table 
10.1. Baseline information for each study we used was described in detail in Sections 10.1.4 
through 10.1.5.7. It is difficult to include all this information in a single table as suggested in the 
comments. However, this information will be added to the next version of the report. 

76. COMMENT: The discussion describes only the thresholds for annual and long-term mortality. 
’ There is no description of how the short-term health-effect threshold was chosen, or of how 

background concentrations fluctuate. (Commenter 11) RESPONSE: To date, there is no clear 
evidence on whether there is a threshold of PM below which there are no detectable health 
effects- It is correct that long-term and short-term health effect thresholds could be different, and 
technically should be modeled differently. However, the intent of using annual average 
background as a threshold is to derive a more conservative PM health effects estimate as 
compared with not setting any threshold. It is likely that the short-term annual health effects 
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associated with background PM concentrations would be slightly higher if we use short-term- 
background PM concentrations because of the log linear functional form of the C-R function. 

77. COMMENT: There are sign problems with the C-R functions. (Commenter 1 “I) RESPONSE: We 
add negative signs to each C-R function, so that the result would be a positive number of health 
incidences avoided as a result of reducing PM concentration level. The definition of change in 
health incidence and PM concentration used in our calculation is baseline minus control. It is 
equivalent to the form of C-R function with a positive sign. However, we noticed a typo on page 
262, line 34 - a negative sign before 8 should not be there - we will correct it in the next draft. 

78. COMMENT: Table 10.2 and elsewhere: Many California cities are not included, leading to a 
consistency problem. (Commenter 11) RESPONSE: There are actually 12 California cities in the 
90 NMMAPS cities. The report shows results for individual cities only on a chart, so it is difficult to 
determine the city-specific coefficients. This detail was provided for the 6 California cities in the 
20-city analysis. As a result, we can only use the results for the 6 CA cities to evaluate whether 
the CA response is different than the national average. 
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Appendix A 41 I 

Method P 

AMBlENT AIR ANALYSIS METHOD FOR DETERMINING’ 
AMBIENT ATMOSPHERIC CONCENTRATIONS OF SUSPENDED PARTICLLATE MATTER 

NOMINALLY 10 MICROMETERS OR LESS lN AERODYNAMIC DlAMETER (PM10) 

1. Principle and Applicability 

-?.-I Principle 

A sampler draws a known quantity of ambient air through an inlet, which is designed to 
admit specified proportions of particles as a function of their aerodynamic diameter. 
The inlet is designed to mimic the deposition of particulate matter in the human lung. 

The particle collection characteristics of an ideal sampler, one which matches the 
human lung particle deposition characteristics, are outlined in 5.1 .j. The particulate 
matter collected with such a sampler is referred to as a suspended particulate matter 
nominally 10 micrometers or less in aerodynamic diameter, or abbreviated as PM1 0. 

As does the human lung, the ideal sampler collects a declining fraction of particles as 
their diameter increases and an increasing fraction of particles as their diameter 
decreases. For example, as can be seen in 5.1 .j., all particles less than 1 .O pm in 
diameter are collected and no particles of 16 or more pm in diameter are collected. 

In the ideal sampler, the PM10 passes through the inlet and is collected on a filter. The 
net weight (mass) of particulate matter deposited on the filter is determined as the 
difference in filter weight before and after sampling. The concentration of PM10 is 
reported as mass of particulate collected per cubic meter of air sampled (micrograms 
per cubic meter) at normal sea level temperature and pressure (760 torr., 25°C). 

1.2 Applicability 

This method provides for the measurement in ambient air of the concentration of PM10 
over a 24-hour period. The measurement process is nondestructive and the sample 
can be subjected to subsequent physical and chemical analyses. 

2. Range 

The lower limit of the mass concentration range is limited by the repeatability of filter tare 
weights, assuming the nominal air sample volume for the sampler. The upper range limit is 
determined by the point at which the sampler can no longer maintain the required flow. This 
limit is a complex function of particle type and size distribution which is not readily quantifiable. 

3. l nterferences 

3.1 boss of Volatile Particles 

Volatile particles collected on filter material can be lost during shipment and/or storage 
of the filters. Filters should therefore be reweighed as soon as possible. 
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3.2 Artifact Particulate Matter 

Filters that meet the alkalinity specifications (Section 6, paragraph 6.4) show little or no 
artifact sulfate. Loss of true nitrate is dependent on location and temperature, but for 
most locations, the errors are expected to be small. 

4. Precision and Accuracy 

4.1 Precision 

The reproducibility of PM10 samplers must be within +I5 percent of true value at the 
95 percent confidence level, as assessed by collocation of samplers. 

4.2 Accuracy 

Sample accuracy is dependent on sampling effectiveness, flow measurement, and 
calibration. Sampling effectiveness is expressed as the ratio of the mass concentration 
of particles of a given size reaching the sample filter to the mass concentration of 
particles of the same size approaching the sampler. The particle size for 50 percent 
effectiveness is required to be IO + 1 micrometers. 

5. Apparatus and Specifications 

5.1 PM 10 Sampler 

The sampler shall be designed to: 

a. draw the air sample, via reduced internal pressure, into the sampler inlet and 
through the filter at a uniform face velocity. 

b. hold and seal the filter in a horizontal position so that sample air is drawn 
downward through the filter. 

._ 

C. allow the filter to be installed and removed conveniently. 

d. protect the filter and sampler from precipitation and prevent insects and other 
debris from being sampled. 

e. minimize leaks that would cause error in the measurement of the air volume 
passing through the filter. 

f. discharge exhaust air at a sufficient distance from the sampler inlet to minimize 
the sampling of exhaust air. 

g- minimize the collection of dust from the supporting surface. 

h. provide uniform distribution of particulate matter on the filter media such that the 
deposition on the four quadrants shall agree within 5 percent. 
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The sampler shall operate at a controlled flow rate specified by its designer or 
manufacturer, and it shall have an inlet system that provides particle size discrimination 
characteristics meeting all of the specifications in this document: The sampler inlet shall 
show no significant wind direction dependence. This requirement can generally be 
satisfied by an inlet shape that is circu’larly symmetrical about a vertical axis. 

The sampler shall provide a means to measure the total flow rate during the sampling 
period. A continuous flow recorder is recommended. The sampler may be equipped 
with additional flow measurement devices if it is designed to collect more than one 
particle size fraction. 

The sampler shall have an automatic flow control device capable of adjusting and 
maintaining the sample flow rate within 210 percent for the sampler inlet over normal 
variations in line voltage and filter pressure drop. A convenient means must be 
provided to temporarily disable the ,automatic flow control device to allow calibration of 
the sampler’s flow measurement device. 

A timing/control device capable of starting and stopping the sampler shall be used to 
obtain an elapsed run time of 24 2.1 hour (1440 + 60 minutes). An elapsed time meter, 
accurate to within 15 minutes, shall be used to measure sampling time. This meter is 
optional for samplers with continuous flow recorders if the sampling time measurement 
obtained by means of the recorder meets the +I !&minute accuracy specifications. 

The sampler shall have an associated operation or instruction manual. 

Since proper service and maintenance is critical to obtaining valid data, the user should 
adopt adequate and documented standard operating procedures. 

The PM1 0 sampler shall meet the following criteria for sampling effectiveness at 
windspeeds from 2 to 24 kilometers per hour: 

Parameter 

Liquid Particles Expected mass concentration is 
Within ?I 0 percent of that predicted 
By the ideal sampler. 

Solid Particles Expected mass concentration no more than 
5 percent above that obtained for liquid 
particles of the same size. 

50 Percent Cutpoint 10 + 1 pm aerodynamic diameter 

Reproducibility 15 percent coefficient of variation for three 
collocated samplers. 
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The sampling effectiveness of the ideal sampler is: 
. 

Particle Size (wrn) Samplinq Effectiveness’ 

< 1.0 1 .ooo 
2.0 0.942 
3.0 0.922 
4.0 0.893 
5.0 0.857 
6.0 0.812 
7.0 0.759 
8.0 0.697 
9.0 0.628 

10.0 0.551 
11.0 0.465 . 
12.0 0.371 
13.0 0.269 
14.0 0.159 
15.0 0.041 

> 16.0 0.000 

6. Filters 

6.-l Filter Medium 

No commercially available filter medium is ideal in all respects for ail samplers. The 
user’s goals in sampling determine the relative importance of various filter evaluation 
criteria (e.g., cost, ease of handling, physical and chemical characteristics, etc.) and 
consequently determine the choice among acceptable filters. Furthermore, certain 
types of filters may not be suitable for use with some samplers, particularly under heavy 
loading conditions (high mass concentrations), because of high or rapid increase in the 
filter flow resistance that would exceed the capability of the sampler’s automatic flow 
controller. The specifications given below are minimum requirements to insure 
acceptability of the filter medium for measurement of PM10 mass concentrations- 

6.2 Collection Efficiency 

Greater than 99 percent as measured by DOP test (ASTM-2986) with 0.3 pm particles 
at the sampler’s operating face velocity. 

6.3 integrity 

+5 pg/m3 (assuming sampler’s nominal 24-hour air sample volume), measured as the 
concentration equivalent corresponding to the difference between the initial and final 
weights of the filter when weighed and handled under simulated sampling conditions 
(equilibration, initial weighing, placement on inoperative sampler, removal from sampler, 
re-equilibration, and final weighing). 
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6.4 Alkalinity 

~0.005 miiiiequivaients/gram of filter as measured by ASTM-D202,‘following at least two 
months storage at ambient temperature and relative humidity. 

7 I . Procedure 

a.1 The sampler shall be operated in accordance with the general instructions given here 
and with the specific instructions provided in the sampler manufacturer’s instruction 
manual. 

This procedure assumes that the sampler’s flow rate calibration was performed Note: 
using flow rates at ambient conditions (Q). 

7.2 Inspect each filter for pinholes, particles, and other imperfections; establish a filter 
information record and assign an identification number to each filter. Careful handling 
of filters between preweighing and post-sampling is necessary to avoid errors due to 
damaged filters or loss of particulate. 

7.3 Equilibrate each filter in the conditioning environment for at least 24 hours. 

Fitter Conditioning Environment 

a. Temperature range: 15 to 30°C 

b. Temperature control: +3”C 

C. Humidity: less than 50 percent relative humidity 

7.4 Following equilibration, weigh each filter and record the presampiing weight with the 
fitter identification number. 

7.5 Analytical Balance 

The analytical balance must be suitable for weighing the type and size of filters required 
by the sampler. The range and sensitivity required will depend on the filter tare weight 
and mass loading. Typically, an analytical balance with a sensitivity of 0.1 mg is 
required for high volume SSI samplers (flow rates > 0.5 m3/min). 

7.6 Pre-Run Procedure 

a. Air Sample Report - Prior to each run, record on the Air Sample Report: the 
reporting agency, station address, station name, instrument number and county, 
site, agency, and project codes. Figure P-l shows an example of the Air 
Sample Report form. 

b. Clean Filter Installation -the clean particulate filter is placed on the sampler and 
secured in place. 
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C. Flow Setting - The actual flow rate must be maintained as specified by the 
manufacturer in order to maintain the 10 pm cutpoint of the inlet. This will require 
special care at elevations greater than 1000 feet above sea level in order to 
prevent errors due to reduced atmospheric density. 

d. Elapsed Time Meter - Record the initial elapsed time meter reading on the 
Monthly Check Sheet. 

7.7 Post-Run Procedure 

a. Final Flow Meter Reading - Before removing the filter and flow chart, make sure 
that the recorder trace shows the final flow. If not, the sampler must be started to 
determine the final flow. 

Remove the flow chart from the recorder and examine the trace for 
abnormalities. Note and investigate any abrupt changes in air flow. If the start 
and finish air flows are not representative of your geographic area, note this on 
the Air Sample Report under “Remarks”. 

b. Exposed Filter Removal - Grasp the exposed filter without toughing the 
darkened area. Fold it in half width-wise with the darkened side in. A 
satisfactory filter is one which has a uniform white border. Dark streaks into the 
border may indicate an air leak, which invalidates the sample. If there are 
insects on the filter, remove them carefully. Note on the Air Sample Report if the 
filter is torn or ruptured, if the start or finish times are not known, or if the flows 
are outside the specified range. 

Note- A removable filter cartridge may be loaded and u,rloaded at the station -- 
operator’s headquarters to avoid contamination and damage to the filter 
media. 

C. Timer and Elapsed Time Meter Check - After each run, check how long the 
sampler ran by reading the elapsed time meter. Record the final elapsed time 
meter (ETM) reading. These ETM readings are used in calculating the 
concentration of collected particulates as they are more accurate than the time or 
flow chart times. Adjust the timers to meet the timer acceptance limits of 24 
hours 2 15 minutes. 

7.8 Equilibration 

Equilibrate the exposed filter(s) in the conditioning environment for 24 hours and 
immediately after equilibration reweigh the filter(s) and record the weight(s) with the 
filter identification number(s). 

8. Calibration 

The Size Selective Inlet High Volume Sampler (SSI) is calibrated by establishing that the air 
sample velocity is designed to meet the particle deposition specifications given in Section 5 of 
this method. The SSI PM10 sampler is calibrated using an orifice transfer standard that has 
been standardized against a primary standard Roots meter. The orifice transfer standard is 
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referenced to 25°C and 760 mm Hg. Two different types of orifice calibrators are available. 
One type uses multihote adapter plates to.vary the flow: The second type has an adjustable 
flow restrictor. In either case, the calibrator is connected to a differential pressure gauge or 
slack tube manometer. Pressure drops and indicated flow meter readings are recorded and 
corrected for elevation, as necessary. Using the pressure drops, the standard (true) flowrates 
are calcullated using the certification equation for the transfer standard. Finally, a working 
sampler calibration curve of standard flowrate vs. indicated flowrate is plotted. The field 
calibration procedure assumes that: 

elevations below 1,000 feet are equivalent to standard conditions. 

the effect of temperature on the indicated flowrate is negligible and therefore, is not 
used in the determination of the standard flowrate. 

8.q Apparatus 

a. Orifice Calibrator Transfer Standard with certification equation 

(1) A flow rate transfer standard, suitable for the flow rate of the sampler and 
calibrated against a primary standard that is traceable to NBS, must be used 
to calibrate the sampler’s flow measurement device. 

(2) The reproducibility and resolution of the transfer standard must be 2 percent 
or less of the sampler’s operating flow rate. 

(3) The flow rate transfer standard must include a means to vary the sampler flow 
rate during calibration of the sampler’s flow measurement device. 

b. O-20” differential pressure gauge or slack tube manometer 

6. Tygon tubing for static pressure connections 

d. Faceplate adapter with “C” clamps 

e. Flow charts for continuous recorder 

f. Calibration report forms 

g- Plastic cap for constant volume sampler sensor 

8.2 “As Is” Calibration 

other than routine daily checks, sampler repairs or adjustments (brush changes, motor 
replacement, flow recorder changes, etc.) should not be made prior to the “as is” 
calibration. The sampler should be calibrated after each 800 hours of operations, if the 
sampler is moved to a different site or if the initial flow meter reading falls outside of 
specified tolerance limits. 
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Some samplers use a closed loop control system to provide constant blower Note: 
speed and sampler flow. The flow sensor.is located in the throat of the filter 
holder assembly. Before ‘calibrating this type of sampler, first cover the flow 

. sensor with a plastic cap. After calibrating, remove the cap. 

a. Open the PM10 sampler shelter and remove the filter holder. Secure the 
faceplate adaptor and orifice calibrator; then, tighten down the orifice calibrator. 
If using a variable resistance calibrator, simply secure the calibrator to the 
faceplate adaptor and turn the restrictor control fully counterclockwise so that the 
maximum flow will be obtained. Connect a section of tygon tubing from the 
orifice tap on the calibrator to one leg of the manometer. Open the other leg so 
that it is open to the atmosphere. A schematic diagram of a typical sampler flow 
calibration is shown in Figure P-2. 

b. After the sampler has warmed up, turn the motor off and then on and allow the 
static pressure (LP) and indicated flow reading (Qing) to stabilize. Then, read 
the static pressure (T-P) and indicated flow readings (Qind). The static pressure 
is read as the total displacement, in inches, of the manometer water column. 
Record the static pressure and the indicated flow readings on the PM10 Sampler 
Calibration Data Sheet (see Figure P-4 as an example). Repeat this step twice 
so that a total of three test runs are performed. 

C. Repeat Step b for each of the remaining four load plates. When using the 
variable resistance calibrator, select four additional points equally spaced around 
the setpoint determined in Section 7.6 (two points above and two points below; 
see example in Figure P-4). 

d. Remove the orifice calibrator from the sampler. Measure the indicated flow with 
a clean filter installed in the PM10 sampler and record this value on the bottom of 
the Calibration Data Sheet. 

e. On the left side of the Calibration Data Sheet, sum the AP readings for each line 
(Runs l-3) and record the sum under “SUM API’; then calculate and record the 
average AP for each line (Points l-5). On the right side of the data sheet, sum 
the Qind readings for each line (Runs l-3) and record the sum under “SUM 
Qind”; then, calculate and record the average Qind for each line (Points l-5). 

f. Record the elevation of the sampler on the Calibration Data Sheet. If the 
elevation is less than 1,000 feet, no altitude correction is required. If the 
elevation is 1,000 feet or greater, apply an altitude correction factor. 

g- Referring to the certification equation and using the corrected AP values 
calculated in f., above (or average AP values for locations less than 1,000 feet 
elevation), determine and record Qstd (transfer standard) for each point, where: 

Qstd = Factor Corr AP 

h. Using the data from the Calibration Data Sheet, plot a Calibration Graph Qstd 
(transfer standard) vs. Qind. Draw a straight line through the plotted points, or, if 
facilities are available, obtain a linear regression computer plot. 
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This line represents the working sampler calibration graph for the particular 
sampler elevation. A sample plot is shown in Figure P-5: 

I. Using the tabulated values of average Qind, determine Qprev (PM10 Sampler) 
by referring to the previous sampler calibration curve (Qstd vs. Qind). Find the 
appropriate value of Qprev from the y-axis corresponding to Qind on the X-axis. 
Record Qprev on the Calibration Data Sheet for each line (points l-5). 

j. Sum the column Qstd (transfer standard), tabulated on the left side of the 
Calibration Data Sheet.. Record this sum as “S”. 

&. Sum the Column Qprev (PtVl10 Sampler), determined in Step I; record this sum 
as 32”. 

5. Calculate the percent deviation from previous calibration using the equation listed 
on the bottom of the Calibration Data Sheet. Record the result. 

m. Using the sampler calibration graph, convert the clean filter indicated air flow rate 
to standard air flow rate and record the result on the bottom of the Calibration 
Data Sheet. 

n. Complete a Calibration Report (see Figure P-3). A copy should be kept at the 
sampling site and in the operating orgat-bation’s headquarters file. 

8.3 “Final” Calibration -A final calibration is required after specified maintenance is 
performed (brush changes, motor replacement, flow recorder changes), including 
maintenance to correct the average initial flow meter reading being out of tolerance, or 
to repeat a sampler calibration graph which is non-linear. 

8.4 Blank Forms and Assistance - a sample copy of forms such as blank Calibration Data 
Sheets, as well as assistance in calibration procedures, can be obtained by contacting: 

STATE OF CALIFORNIA 
Air Resources Soard 
Aerometric Data Division 
Quality Assurance Section 
P.O. Box 2815 
Sacramento, CA 95812 

9. Calculations 

9.1 Determine the average flow rate over the sampling period corrected to reference 
conditions as Qstd. 
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9.2 Calculate the total volume of air sampled a&: 

V = Qstd X t 

where: 

v = total air sampled in standard volume units, std m3; 

t = sampling time, min. 

9.3 Calculate the PM10 concentration as: 

Iwf-w!) x IO” 
PM10 = V 

Where: 

PM 10 = mass concentration of PM1 0, ug/std m3; 

Wf WI = final and initial weights of filter(s) 
Collecting PM10 particles, g; 

IO6 = conversion of g to ug. 
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PM1 0 Sampler Flow Calibration 

5 A-12 



CALIBRATION RESULTS 

i ctM!,minnt I I I " 
I 1 I 
I I I 1 

i Inltaal Span Sesnng 4 I I 
I Mr now Rate. Wn I 1 1 
t A,lr Flow setring 1 I I 
I Rtasenr flow dte 

ow RSett; Rsccn 
I i I 

1 Ata ent Fl 
I CoArttr Ltfxltnc~ 

1 I 1 
I I I I 

linear Rtgresoion 1 51 pe 1 I 1 
I - 1-e; 'I - 1 Gtrccpt 1 4 I 

f 'As Is" Deviation from True I I I 
Rinal' Oevrrtlon rrom True I I i I 
f Lhmgc trun krcwous CallDr~~lOn, i (da* 11 i 1 1 
1 final Zero Setting I L 1 1 
f fin~f Span Stmng 4 I I i 

tmwnts 

Cal Ibrdttd By 
MD-25 (11/E%) 

.Ckted 8y 

Figure P-3 
Calibration Report 
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Figure P-4 
PM1 0 Sampler Calibration Data Sheet 
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Part I3 

Appendix M to 40CFR, Part 50 
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7. Appendix M is added to read as follows: 

Appendix M to Fart S&Reference 
Method for the Determination of 
Particulate Matter as PM 10 in the 
Atmosphere 

1 .O Appkobiiity. 
1.1 This method provides for the measuremem 

of the mass concentration of particulate matter with 
an aerodynamic diameter less than or equal to a 
nominal 10 micrometers (PMio) in ambient air 
over a 24-hour period for purposes of determining 
attainment and maintenance of the primary and 
secondary national ambient air quality standards for 
particulate matter specified in 8 50.6 of this chapter. 
The measurement process is nondestructive, and the 
PM rc sample can be subjected to subsequent 
physical or chemical analyses. Quality assurance 
procedures and guidance are provided in part 58, 
Appendices A and B of this chapter and in 
references 1 and 2 of section 12.0 of this appendix. 
2.0 Principle. 

2.1 An air sampIer draws ambient air at a 
constant flow rate into a specially shaped inlet 
where the suspended particulate matter is inertially 
separated into one or more size fractions within the 
RMIO size range. Each size fraction in the PMto 
size range is then collected on a separate filter over 
the specified sampling period. The particle site 
discrimination characteristics (sampling 
effectiveness and 50 percent cutpoint) of the 
sampler inlet are prescribed as performance 
specifications in part 53 of this chapter. 

2.2 Each filter is weighed (after moisture 
equilibration) before and after use to determine the 
net weight (mass) gain due to collected PMro The 
total volume of air sampled, measured at the actual 
ambient temperature and pressure, is determined 
from the measured flow rate and the sampling time. 
The mass concentration of PMic in the’ambient air 
is computed as the total mass of collected particles 
in the PMic size range divided by the volume of 
air sampled, and is expresse 1 in micrograms per 
actual cubic meter (pg/ms). 

2.3 A method based on this principle will be 
considered a reference method only if the 
associated sampler meets the requirements 
specified in this appendix and the requirements in 
part 53 of this chapter, and the method has been 
designated as a reference method in accordance 
with part 53 of this chapter. 
3.0 Range. 

3.1 The lower limit of the mass concentration 
range is determined by the repeatability of filter 
tare weights, assuming the nominal air sample 
volume for the sampler. For samplers having an 
automatic filter-changing mechanism, there may be 
no upper limit. For samplers that do not have an 
automatic filter-changing mechanism, the upper 
limit is determined by the filter mass loading 
beyond which the sampler no longer maintains the 
operating flow rate within specified limits due to 
increased pressure drop across the loaded filter. 
This upper limit cannot be specified precisely 
because it is a complex function of the ambient 
particle size distribution and type, humidity, filter 
type, and perhaps other factors. Nevertheless, all 
samplers should be capable of measuring 24-hour 
PMic mass concentrations of at least 300 kg/ma 
while maintaining the operating flow rate within 
the specified limits. 
4.0 Precision. 

4. I The precision of PM 10 samplers must be 5 
Kg/ma for PMio concentrations below 80 pg/ma 
and 7 percent for PMic concentrations above 80 
pg/ms, as req$red by part 53 of this chapter, which -- 

prescribes a test procedure that determines the 
variation in the PMic concentration measurements 
of identical samplers under typical sampling 
conditions. Continual assessment of precision via 
collocated samplers is required by part 58 of this 
chapter for PMic samplers used in certain 
monitoring networks. 
5.0 Accumy. 

5.1 Because the size of the particles making up 
ambient particulate matter varies over a wide range 
and the concentration of particles varies with 
particle size, it is difficult to define the absolute 
accuracy of PMio samplers. Part 53 of this chapter 
provides a specification for the sampling 
effectiveness of PMio samplers. This specification 
requires that the expected mass concentration 
calculated for a candidate PMrc sampler, when 
sampling a specified particle size distribution, be 
within +lO percent of that calculated for an ideal 
sampler whose sampling effectiveness is explicitly 
specified. Also, the particle size for 50 percent 
sampling effectiveness is required to be 10+0.5 
micrometers. Other specifications related to 
accuracy appIy lo flow measurement and 
calibration, filter media, analytical (weighing) 
procedures, and artifact. The flow rate accuracy of 
PMic samplers used in certain monitoring networks 
is required by part 58 of this chapter to be assessed 
periodically via flow rate audits. 
6.0 Potential Sources of Error. 

6.1 Volatiie Particles. Volatile particles 
collected on filters are often lost during shipment 
and/or storage of the filters prior to the post- 
sampling weighings. Although shipment or storage 
of loaded filters is sometimes unavoidable, filters 
should be reweighed as soon as practical to 
mir@ize these,Iosses. 

6.2 Artifacts. Positive errors in’ PM,,, 
concentration measurements may result from 
retention of gaseous species on filters 4. s. Such 
errors include the retention of sulfur dioxide and 
nitric acid. Retention of sulfur dioxide on filters, 
followed by oxidation to sulfate, is referred to as 
artifact sulfate formation, a phenomenon which 
increases with increasing filter alkalinityc. Little or 
no artifact sulfate formation should occur using 
filters that meet the alkalinity specification in 
section 7.2.4 of this appendix, Artifact nitrate 
formation, resulting primarily from retention of 
nitric acid, occurs to varying degrees on many filter 
types, including glass fiber, cellulose ester. and 
many quartz fiber filters s. 7. a. 9. lo. Loss of true 
atmospheric particulate nitrate during or following 
sampling may also occur due to dissociation or 
chemical reaction. This phenomenon has been 
observed on Teflon@ filters * and inferred for quartz 
fiber filters 11. ia. The magnitude of nitrate artifact 
errors in PMic mass concentration measurements 
will vary with location and ambient temperature; 
however, for most sampling locations, these errors 
are expected to be small. 

6.3 Humidity. The effects of ambient humidity 
on the sample are unavoidable. The filter 
equilibration procedure in section 9.0 of this 
appendix is designed to minimize the effects of 
moisture on the filter medium. 

6.4 Filter Handling. Careful handling of filters 
between presampling and postsampling weighings 
is necessary to avoid errors due to damaged filters 
or loss of collected particles from the filters. Use 
of a filter cartridge or cassette may reduce the 
magnitude of these errors. Filters must also meet 
the integrity specification in section 7.2.3 of this 
appendix. 

6.5 Flow Rate Variafion. Variations in the 
sampler’s operating flow rate may alter the particle 

size discrimication characteristics of the sampler 
inlet. The magnitude of this error will depend on 
the sensitivity ofthe inlet to variations in flow rate 
and on the particle distribution in the atmosphere 
duting the sampling period. The use of a flow 
control device, under section 7.1.3 of this appendix, 
is required to minimize this error. 

6.6 Air Volume Determination. Errors in the air 
volume determination may result from errors in the 
flow rate and/or sampling time measurements. The 
flow control device serves to minimize errors in the 
flow rate determination, and an elapsed time meter, 
under section 7.1.5 of this appendix, is required to 
minimize the error in the sampling time 
measurement. 
7.0 Apparatus. 

7.1 PMIO Sampler. 
7. I. I The sampler shall be designed to: 
(a) Draw the air sample into the sampler inlet 

arid through the particle collection filter at a 
uniform face velocity. 

(b) Hold and seal the filter in a horizontal 
position so that sample air is drawn downward 
through tie filter. 

(c) Allow the filter to be installed and removed 
conveniently. 

(d) Protect the filter and sampler from 
precipitation and prevent insects and other debris 
from being sampled. 

(e) Minimize air leaks that would cause error in 
the measurement of the air volume passing through 
the filter. 

(f) Discharge exhaust air at a sufficient distance 
from the samoler inlet to minimize the sampling 
of exhaust air. 

(g) Minimize the collection of dust from the 
suppoaini: surface.. 

7.1.2 The sampler shall have a sample air inlet 
system that, when operated within a specified flow 
rate range, provides particle size discrimination 
characteristics meeting all of the applicable 
performance specifications prescribed in part 53 of 
this chapter. The sampler inlet shall show no 
significant wind direction dependence. The latter 
requirement can generally be satisfied by an inlet 
shape that is circularly symmetrical about a vertical 
axis. 

7.1.3 The sampler shall have a flow control 
device capable of maintaining the sampler’s 
operating flow rate within the flow rate limits 
specified for the sampler inlet over normal 
variations in line voltage and filter pressure drop. 

7.1.4 The sampler shall provide a means to 
measure the total flow rate during the sampling 
period. A continuous flow recorder is 
recommended but not required. The flow 
measurement device shall be accurate to zt2 
percent. 

7.1.5 A timing/control device capable of 
starting and stopping the sampler shall be used to 
obtain a sample collection period of 24 fl hr 
(1,440 rt60 min). An elapsed time meter, accurate 
to within il5 minutes, shall be used to measure 
sampling time. This meter is optional for samplers 
with continuous flow recorders if the sampling time 
measurement obtained by means of the recorder 
meets the +I5 minute accuracy specification. 

7.1.6 The sampler shall have an associated 
operation or instruction manual as required by part 
53 of this chapter which includes detailed 
instructions on the calibration, operation, and 
maintenance of the sampler. 

7.2 Filters. 
7.2.1 Filler Medium. No commercially 

available filter medium is ideal in all respects for 
all samplers. The user’s goals in sampling 
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detetmine the relative importance of various filter 
characteristics, e.g., cost, ease of handling, physical 
and chemical characteristics, etc., and, 
consequently, determine the choice among 
acceptable filters. Furthermore, certain types of 
filters may not be suitable for use with some 
samplers, particularly under heavy loading 
conditions (high mass concentrations), because of 
high or rapid increase in the filter flow resistance 
that would exceed the capability of the sampler’s 
flow control device. However, samplers equipped 
with automatic filter-changing mechanisms may 
allow use of these types of filters. The 
specifications given below are minimum 
requirements to ensure acceptability of the filter 
medium for measurement of PMio mass 
concentrations. Other filter evaluation criteria 
should be considered to meet individual sampling 
and analysis objectives. 

1.2.2 Collection EJiciency 299 percent, as 
measured by the DOP test (ASTM-2986) with 0.3 
pm particles at the sampler’s operating face 
velociry. 

7.2.3 Integriry. k5 pg/m3 (assuming sampler’s 
nominal 24-hour air sample volume). Integriry is 
measured as the PMie concentration equivalent 
corresponding to the average difference between 
the initial and the final weights of a random sample 
of test filters that are weighed and handled under 
actual or simulated sampling conditions, but have 
no air sample passed through them, i.e., filter 
blanks. As a minimum, the test procedure must 
include initial equilibration and weighing, 
installation on an inoperative sampler, removal 
from the sampler, and final equilibration and 
weighing. 

7.2.4 Alkalini~. <25 microequivalentsfgmm of 
filter, as measured by the procedure given in 
reference 13 of section 12.0 of this appendix 
following at least two months storage in a clean 
environment (free from contamination by acidic 
gases) at room temperature and humidity. 

7.3 Flow Rate Transfer Standard. The flow 
rat< nansfer standard must be suitable for the 
sampler’s operating flow rate and must be 
calibrated against a primary flow or volume 
standard that is traceable to the National Institute 
of Standard and Technology (NIST). The flow rate 
transfer standard must be capable of measuring the 
sampler’s operating flow rate with an accuracy of 
+2 percent. 

7.4 Filter Conditioning Environment. 
7.4.1 Temperature range. 15 to 30 C. 
7.4.2 Temperature control. k3 C. 
7.4.3 Humidiry range. 20% to 45% RI-I. 
7.4.4 Humidiry control. ?5% RH. 
I.5 Anolyrical Balance. The analytical balance 

must be suitable for weighing the type and size of 
filters required by the sampler. The range and 
sensitivity required will depend on the filter tare 
weights and mass loadings. Typically, an analytical 
balance with a sensitivity of 0.1 mg is required for 
high volume samplers (flow rates bO.5 mVmin). 
Lower volume samplers (flow rates <OS msimin) 
will require a more sensitive balance. 
8.0 Calibrarion. 

8.1 General Requirements. 
81.1 Calibration of the sampler’s flow 

measurement device is required to establish 
traceability of subsequent flow measurements to a 
primary standard. A flow rate transfer standard 
calibrated against a primary flow or volume 
standard shall be used IO calibrate or verify the 
accuracy of the sampler’s flow measurement 
device. 

8.1.2 Particle size discrimination by inertial 
separation requires that specific air velocities be 

maintained in the sampler’s air inlet system. 
Therefore, the flow rate through the sampler’s inlet 
must be maintained throughout the sampling period 
within the design flow rate range specified by the 
manufacturer. Design flow rates are specified as 
actual volumetric flow rates, measured at existing 
conditions of temperature and pressure (Q.). 

8.2 Flow Rate Calibration Procedure. 
8.2.1 PMtc samplers employ various types of 

flow control and flow measurement devices. The 
specific procedure used for Bow rate calibration or 
verification will vary depending on the type of flow 
controller and flow rate indicator employed. 
Calibration is in terms of actual volumetric flow 
rates (QJ to meet the requirements of section 8.1 
of this appendix. The general procedure given here 
serves to illustrate the steps involved in the 
calibration. Consult the sampler manufacturer’s 
instruction manual and reference 2 of section 12.0 
of this appendix for specific guidance on 
calibration. Reference 14 of section 12.0 of this 
appendtx provides additional information on 
various other measures of flow rate and their 
interrelationships. 

82.2 Calibrate the flow rate iaansfer standard 
against a primary flow or volume standard 
traceable to NIST. Establish a calibration 
relationship, e.g., an equation or family of curves, 
such that traceability to the primary standard is 
accurate to within 2 percent over the expected 
range of ambient conditions, i.e., temperatures and 
pressures, under which the transfer standard will be 
used. Recalibrate the transfer standard periodically. 

8.2.3 Following the sampler manufacturer’s 
instruction manual, remove the sampler inlet and 
connect the flow rate transfer standard to the 
sampler such that the transfer standard accurately 
measures the sampler’s flow rate. Make sure there 
are no leaks between the transfer standard and the 
sampler. 

8.2.4 Choose a minimum of three flow rates 
(actual ms/min), spaced over the acceptable flow 
rate range specified for the inlet, under section 
7.1.2 of the appendix, that can be obtained by 
suitable adjustment of the sampler flow rate. In 
accordance with the sampler manufacturer’s 
instruction manual, obtain or verify the calibration 
relationship between the flow rate (actual msimin) 
as indicated by the transfer standard and the 
sampler’s flow indicator response. Record the 
ambient temperature and barometric pressure. 
Temperature and pressure corrections to subsequent 
flow indicator readings may be required for certain 
types of flow measurement devices. When such 
corrections are necessary, correction on an 
individual or daily basis is preferable. However, 
seasonal average temperature and average 
barometic pressure for the sampling site may be 
incorporated into the sampler calibration to avoid 
daily corrections. Consult the sampler 
manufacturer’s instruction manual and reference 2 
in section 12.0 of this appendix for additional 
guidance. 

8.2.5 Following calibration, verify that the 
sampler is operating at its design flow rate (actual 
ms/min) with a clean filter in place. 

8.26 Replace the sampler inlet. 
9.0 Procedure. 

9.1 The sampler shall be operated in 
accordance with the specific guidance provided in 
the sampler manufacturer’s instruction manual and 
in reference 2 in section 12.0 of this appendix. The 
general procedure given here assumes that the 
sampler’s flow rate calibtation is based on flow 
rates at ambient conditions (Qz) and serves to 
illustrate the steps involved in the operation of a 
PM,o sampler. 

9.2 Inspect-each filter for pinholes. particles, 
and other imperfections. Establish a filter 
information record and assign an identification 
number to each filter. 

9.3 Equilibrate each filter in the conditioning 
environment (see 7.4) for at least 24 hours. 

9.4 Following equilibration, weigh each filter 
and record the presampling weight with the filter 
identification number. 

9.5 Install a preweighed filter in the sampler 
following the instructions provided in the sampler 
manufacturer’s instruction manual. 

9.6 (a) Turn on the sampler and allow it to 
establish run-temperature conditions. Record the 
flow indicator reading and, if needed, the ambient 
temperature and barometric pressure. Determine the 
sampler flow rate (actual m3/min) in accordance 
with the instructions provided in the sampler 
manufacturer’s instruction manual. 

(b) Note: No onsite temperature or pressure 
measurements are necessary if the sampler’s flow 
indicator does not require temperature or pressure 
corrections or if seasonal average temperature and 
average barometric pressure for the sampling site 
are incorporated into the sampler calibration, under 
section 82.4 of thii appendix. If individual or daily 
tempemture and pressure corrections are required, 
ambient temperature and barometric pressure can 
be obtained by on-site measurements or from a 
nearby weather station. Barometric pressure 
readings obtained from airports must be station 
pressure, not corrected to sea level, and may need 
to be corrected for differences in elevation between 
the sampling site and the airport. 

9.7 If the flow rate is outside the acceptable 
range specified by the manufacturer, check for 
leaks, and if necessary, adjust the flow rate to the 
specified setpoint. Stop the sampler. 

9.8 Set the timer to start and stop the sampler 
at appropriate times. Set the elapsed time meter to 
zero or record the initial meter reading. 

9.9 Record the sample information (site 
location or identification number, sample date, 
filter identification number, and sampler model and 
serial number). 

9.10 Sample for 24?1 hours. 
9.1J Determine and record the average flow 

rate (Q=) in actual ms/min for the sampling period 
in accordance with the instructions provided in-the- 
sampler manufacturer’s instruction manual. Record 
the elapsed time meter final reading and, if needed, 
the average ambient temperature and barometric 
pressure for the sampling period, in note following 
section 9.6 of this appendix. 

9.12 Carefully remove the filter from the 
sampler, following the sampler manufacturer’s 
instruction manual. Touch only the outer edges of 
the filter. 

9.13 Place the filter in a protective holder or 
container, e.g., petri dish, glassine envelope, or 
manila folder. 

9.14 Record any factors such as meteorological 
conditions, construction activity, fires or dust 
storms, etc., that might be pertinent to the 
measurement on the filter information record. 

9.15 Transport the exposed sample filter to the 
filter conditioning environment as soon as possible 
for equilibration and subsequent weighing. 

9.16 Equilibrate the exposed filter in the 
conditioning environment for at least 24 hours 
under the same temperature and humidity 
conditions used for presampling filter equilibration 
(see section 9.3 of this appendix). 

9.17 Immediately after equilibration, reweigh 
the filter and record the postsampling weight with 
the filter identification number. 



98 Federal Register / Vol. 62,. .No. 138 / Friday, July 18, 1997 / Prepublication 
431 

10.0 Sampler Maintenance. 
10.1 The PMlo sampler shall be maintained in 

strict accordance with the maintenance procedures 
specified in the sampler manufacturer’s instruction 
manual. 
11 .o Cn~cularions. 

11.1 Calculate the totai volume of air sampled 
as: 

V = Q.t 

where: 

V = total air sampled, ai ambient temperature and 
pressure,mJ; 

Qz = average sample flow rate at ambient 
temperamre and pressure, mJ/min; and 

t = sampling time, min. 

1 1.2 (a) Calculare the PM 10 concentration as: 

PM,0 = (W,-Wi)xIO%’ 

where: 

PM10 = mass concentration of PM 10, &g/m? 

W1; Wi = final and initial weights of filter 
coilecting PMlo particles, g; and 

1 OG = conversion of g to pg. 

(b) Note: If more than one size fraction in the 
PM10 size range is collected by the sampler, the 
sum of the net weigh! gain by each collection filter 
[X(W,-W;)] is used to calculate the PM10 mass 
concentration. 
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8. Appendix N is added to read as follows: 

Appendix N to Part SO--Interpretation of 
the National Ambient Air Quality 
Standards for Particulate Matter 

1 .O General. 
(a) This appendix explains the data handling 

conventions and computations necessary for 
determining when the annual and 24-hour primary 
and secondary national ambient air quality 
standards for PM specified in 5 50.7 of this chapter 
are met. Particulate matter is measured in the 
ambient air as PM10 and PM2.s @articles with an 
aerodynamic diameter less than or equal to a 
nominal 10 and 2.5 micrometers, respectively) by 
a reference method based on Appendix M of this 
part for PM,0 and on Appendix L of this part for 
PM2.5, as applicable, and designated ti.accordance 
with part 53 of this chapter, or by an equivalent 
method designated in accordance with part 53 of 
this chapter. Data handling and coinputation 
procedures to be used in making comparisons 
between reported PMlo and PM2.s concentrations 
and the levels of the PM standards are specified 
in the following sections. 

(b) Data resulting from uncontrollable or natural 
events, for example struch~ral fires or high winds, 
may require special consideration. In some cases, 
it may be appropriate to exclude these data because 
they could result in inappropriate values fo compare 
with the levels of the PM standards. In other cases, 
it may be more appropriate to retain the data for 
comparison with the level of the PM standards and 
then allow the EPA to formulate the appropriate 
regulatory response. Whether to exclude, retain, or 
make adjustments to the data affected by 
uncontrollable or natural events is subject to the 
approval of the appropriate Regional Administraror. 

(c) The terms used in this appendix are defined 
as follows: 

Average and meon refer to an arithmetic mean. 
Daily value for PM refers to the 24-hour average 

concentration of PM calculated or measured from 
midnight to midnight (local time) for PM,0 or 
PM2.s. 

Designated monirors are those monitoring sites 
designated in a State PM Monitoring Network 
Description for spatial averaging in areas opting for 
spatial averaging in accordance with pari 58 of this 
chapter. 

9Wpercentile (used for PM2.s) means the daily 
value out of a year of monitoring data below which 
98 percent of all values in the group fall. 

99’hpercenrile (used for PMlo) means the daily 
value out of a year of monitoring data below which 
99 percent of all values in the group fall. 

Year refers to a calendar year. 

(d) Sections 2.1 and 2.5 of ihis appendix contain 
data handling instructions for the option of using 
a spatially averaged network of monitors for the 
annual standard. if spatial averaging is not 
considered for an area, rhen the spatial average is 
equivalent to the annual average of a single site and 
is treated accordingly in subsequent calculations. 
For example, paragraph (a)(3) of section 2.1 of this 
appendix could be eliminated since the spatial 
average would be equivalent to the annual average. 
2.0 Comparisons with the PM2.s Slandards. 

2.1 Annual PM2.s Standard. 
(a) The annual PMz.5 standard is met when the 

3-year average of the sparially averaged annual 
means is less than or equal to 15.0 pg/mJ. The 3- 
year average of the spatially averaged annual 
means is determined by averaging quarterly means 
at each monitor to obtain the annual mean PM2.s 
concentrations at each monitor. then averaging 
across all designated monitors, and finally 
averaging for 3 consecutive years. The steps can 
be summarized as follows: 

(1) Avemge 24-hour measurements to obtain 
quarterly means at each monitor. 

(2) Average quarterly means to obtain annual 
means at each monitor. 

(3) Average across designated monitoring sites 
to obtain an annual spatial mean for an area (this 
can be one site in which case the spatial mean is 
equal to the annual mean). 

(4) Average 3 years of annual spatial means to 
obtain a )-year average of spatially averaged 
annual means. 

(b) In the case of spatial averaging, 3 years of 
spatial averages are required to demonstrate that the 
standard has been met. Designated sites with less 
than 3 years of data shall be included in spatial 
averages for those years thar data completeness 
requirements are met. For rhe annual PM2.s 
standard, a year meets data completeness 
requirements when at least 75 percent of the 
scheduled sampling days for each quarter have 
valid data. However, years with high concentrations 
and more than a minimal amount of data (at least 
11 samples in each quarter) shall not be ignored 
just because they are comprised of quarters with 
less than complete data. Thus, in computing annual 
spatially averaged means, years containing quarters 
with at least 11 samples but less than 75 percent 
data completeness shall be included in the 
computation if the resulting spatially averaged 
annual mean concentration (rounded according to 
the conventions of section 2.3 of this appendix) is 
greater than the level of the standard. 

(c) Situations may arise in which there are 
compelling reasons to retain years containing 
quarters which do not meet the data completeness 
requirement of 75 percent or the minimum number 
of 11 samples. The use of less than complete data 
is subject to the approval of the appropriate 
Regional Administrator. 

(d) The equations for calculating the 3-year 
average annual mean of the PM2.s standard are 
given in section 2.5 of this appendix. 

2.2 24-Hour PM2.5 Standard. 
(a) The 24-hour PM2.s standard is met when the 

3-year average of the 98’h percentile values at each 
monitoring site is less than or equal to 65 pg/m3. 
This comparison shall be based on 3 consecutive, 
complete years of air quality data. A year meets 
data completeness requirements when at least 75 
percent of the scheduled sampling days for each 
quarter have valid data. However, years with high 
concentrations shall not be ignored just because 
they are comprised of quarters with less than 
complete data. Thus, in computing the 3-year 

. 



432 



433 

Appendix 5 

Supplementary Material for Chapter 5 

Part C 
Table Comparing Method P (State Method) and the Federal Method 

(40CFR. appendix M) for PM’I 0 Samplers 
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concentrations were 55,68,73,92, 120, and 155 
pg/mJ. Applying the weighting factors specified in 
Equation 6, the quarterly mean is: 
x, = (I/7)x [(1/3)x(202+242+180) 
+155+68+73+92+120+155=110.1 

b. Although 24-hour measurements are rounded 
to the nearest IO $g/m3 for determinations of 
exceedances of *he 2Chour standard, note that 
these values are rounded to the nearest 1 l&m3 for 
the calculation of means. 

6. Appendix L is added to read as follows: 

Appendix L to Part W-Reference Method 
For the Determination of Fine Particulate 
Matter as PM2.5 in the Atmosphere 

1 .O Applicability. 
1. I This method provides for the measurement 

of the mass concentration of fine particulate matter 
having an aerodynamic diameter less than or equal 
to a nominal 2.5 micrometers (PM2.s) in ambient 
air over a 24-hour period for purposes of 
determining whether the primary and secondary 
national ambient air quality stand&s for fine 
particulate matter specified in 8 SO.6 of this part are 
met. The measurement process is considered to be 
nondestructive, and the PM2.s sample obtained can 
be subjected to subsequent physical or chemical 
analyses. Quality assessment procedures are 
provided in part 58, Appendix A of this chapter, 
and quality assurance guidance are provided in 
references 1,2, and 3 in section 13.0 of this 
appendix. 

1.2 This method will be considered a reference 
method for purposes of part 58 of this chapter only 
if: 

(a) The associated sampler meets the 
requiiemeiits specifitd in ihis +pendix and the 
+$icable requirements in part 53 of this chapter, 

@) The method and associated sampler have 
been designated as a reference method in 
accordance with part 53 of this chapter. 

1.3 PM2.s samplers that meet nearly all 
specifications set forth in this method but have 
minor deviations andior modifications of the 
reference method sampler will be designated as 
“Class 1” equivalent methods for PM2.s in 
accordance with part 53 of this chapter. 
2.0 Principle. 

2.1 An electrically powered air sampler draws 
ambient air at a constant volumetric flow rate into 
a specially shaped inlet and through an inertial 
particle size sepamtor (impactor) where the 
suspended particulate matter in the PMz.5 size 
range is separated for collection on a 
polytetrafluoroethylene (PTFE) filter over the 
specified sampling period. I’he air sampler and 
other aspects of this reference method are specified 
either explicitly in this appendix or generally with 
reference to other applicable regulations or quality 
assurance guidance. 

2.2 Each filter is weighed (after moisture arid 
temperature conditioning) before and after sample 
collection to determine the net gain due to collected 
PM2.s. The total volume of air sampled is 
determined by the sampler from the measured flow 
rate at actual ambient temperature and pressure and 
the sampling time. The mass concentration of 
PM2.s in the ambient air is computed as the total 
mass of collected particles in the PMz.5 size range 
divided by the actual volume of air sampled, and 
is expressed in micrograms per cubic meter of air 
(b-&W 
3.0 PMz.5 Measurement Range. 

3.1 Lower concentration limit. The lower 
detection limit of the mass concentration 

measurement range is estimated to be 
approximately 2 &/am3, based on notedmass 
changes in field btanks in conjunction with the 24 
m3 nominal total air sample volume specified for 
the 24-hour sample. 

3.2 Upper concentration limit. The upper limit 
of the mass concentration range is determined by 
the filter mass loading beyond which the sampler 
can no longer maintain the operating flow rate 
within specified limits due to increased pressure 
drop across the loaded filter. This upper limit 
cannot be specified precisely because it is a 
complex function of the ambient particle size 
distribution and type, humidity, the individual filter 
used, the capacity of the sampler flow rate control 
system, and perhaps other factors. Nevertheless, all 
samplers are eaimated to be capable of measuring 
24-hour P&s mass concentrations of at least 200 
pg/ms while maintaining the operating flow rate 
within the specified limits. 

3.3 Sample period. The required sample period 
for PM2.s concentration measurements by this 
method shall be 1,380 to 1500 minutes (23 to 25 
hours). However, when a sample period is less than 
1,380 minutes, the measured concentration (as 
determined by the collected PM2.s mass divided by 
the actual sampled air volume), multiplied by the 
actual number of minutes in the sample period and 
divided by 1,440, may be used as if it were a valid 
concentration meas4uement for the specific purpose 
of determining a violation of the NAAQS. This 
vtilue assumes that the PM2.s concentration is zero 
for the remaining portion of the sample period and 
therefore represents the minimum concentration 
that could have been measured for the full 24-hour 
sample ,period. Accordingly, if the value thus 
caku&ed-is high~enwgh to be an~excwdance, such 
an exceedance would he a valid exceedance for the 
sample period. When reported to AIRS, this data 
value should receive a special code to identify it 
as not to be commingled with normal concentration 
measurements or used for other purposes. 
4.0 Accuracy. 

4.1 Because the size and volatility of the 
particles making up ambient particulate matter vary 
over a wide range and the mass concentration of 
particles varies with particle size, it is difficult to 
define the accuracy of PM2.s measurements in an 
absolute sense. The accuracy of PM2.s 
measurements is therefore defined in a relative 
sense, referenced to measurements provided by this 
reference method. Accordingly, accuracy shall be 
defined as the degree of agreement between a 
subject field PM2.s sampler and a collocated PM2.s 
reference method audit sampler operating 
simultaneously at the monitoring site location of 
the subject sampler and includes both random 
(precision) and systematic (bias) errors. The 
requirements for this field sampler audit procedure 
are set forth in part 58, Appendix A of this chapter. 

4.2 Measurement system bias. Results of 
collocated measurements where the duplicate 
sampler is a reference method sampler are used to 
assess a portion of the measurement system bias 
according to the schedule and procedure specified 
in part 58, Appendix A of this chapter. 

4.3 Audits with reference method samplers to 
determine system accuracy and bias. According to 
the schedule and procedure specified in part 58, 
Appendix A of this chapter, a reference method 
sampler is required to be located at each of sClected 
PM2.s SLAMS sites as a duplicate sampler. The 
results from the primary sampler and the duplicate 
reference method sampler are used to calculate 
accuracy of the primary sampler on a quarterly 
basis. bias of the primary sampler on an annual 

basis, and bias of a single reporting organization 
on an annual basis. Reference 2 in section 13.0 of 
this appendix provides additional information and 
guidance on these reference method audits, 

4.4 Flow rate accuracy and bias. Part 58, 
Appendix A of this chapter requires that the flow 
rate accuracy and bias of individual PM2.s samplers 
used in SLAMS monitoring networks be assessed 
periodically via audits of each sampler’s 
operational flow rate. In addition, part 58, 
Appendix A of this chapter requires that flow rate 
bias for each reference and equivalent method 
operated by each reporting organization be assessed 
quarterly and annually. Reference 2 in section 13.0 
of this appendix provides additional information 
and guidance on flow rate accuracy audits and 
calculations for accuracy and bias. 
5.0 Precision. A data quality objective of 10 
percent coefficient of variation or better has been 
established for the operational precision of PMz.5 
monitoring data. 

5.1 Tests to establish initial operational precision 
for each reference method sampler Fe specified as 
a part of the requirements for designation as a 
reference method under 5 S3SS of this chapter. 

5.2 Measurement System Precision. Collocated 
sampler results, where the duplicate sampler is not 
a reference method sampler but is a sampler of the 
same designated method as the primary sampler, 
are used to assess measurement system precision 
according to the schedule and procedure specified 
in part 58, Appendix A of this chapter. Part 58, 
Appendix A of this chapter requires that these 
collocated sampler measurements be used to 
calculate quarterly and annual precision estimates 
for each primary sampler and for each designated 
methodcmployed by each” reporting organization. 
Reference 2 in section 13.0 of this appendix 
provides additional information and guidance on 
this requirement. 
6.0 Filrerfor PM2.5 SampIe Collection. Any filter 
manufacturer or vendor who sells or offers to sell 
filters specifically identified for use ~?th this PM2.s 
reference method shall certify that the required 
number of filters from each lot of filters offered 
for sale as such have been tested as specified in 
this section 6.0 and meet all of the following design 
and performance specifications. 

6.1 Size. Circular, 46.2 mm diameter f0.25 mm. 
6.2 Medium. Polytetrafluoroethylene (PTFE 

Teflon), with integral support ring, 
6.3 Support ring. Polymethylpentene (PMP) or 

equivalent inert material, 0.38 H.04 mm thick, 
outer diameter 46.2 mm M.25 mm, and width of 
3.68 mm (fl.00, -0.51 mm). 

6.4 Pore size. 2 pm as measured by ASTM F 
316-94. 

6.5 Filter thiclmess. 30 to 50 pm. 
6.6 Maximum pressure drop (clean jilter). 30 cm 

Hz0 column @ 16.67 L/min clean air flow. 
6.7 Maximum moisturepickup. Not more than 10 

~g weight increase after 24-hour exposure to air of 
40 percent relative humidity, relative to weight 
after 24-hour exposure to air of 35 percent relative 
humidity. 

6.8 Collection e/ficciency. Greater than 99.7 
percent, as measured by the DOP test (ASTM D 
2986-91) with 0.3 pm particles at the sampler’s 
operating face velocity. 

6.9 Filter weight stobilip. Filter weight loss shall 
be less than 20 pg, as measured in each of the 
following two tests specified in sections 6.9.1 and 
6.9.2 of this appendix. The following conditions 
apply to both of these tests: Filter weight loss shall 
be the average difference between the initial and 
the final filter weights of a random sample of test 
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filters selected from each lot prior to sale. The 
number of filters tested shall be not less than.O.1 
percent of the filters of each manufacturing lot, or 
10 filters, whichever is greater. The filters shall be 
weighed under laboratoty conditions and shall have 
had no air sample passed through them, i.e., filter 
blanks. Each test procedure must include initial 
conditioning and weighing, the test, and final 
conditioning and weighing. Conditioning and 
weighing shall be in accordance with sections 8.0 
through 8.2 of this appendix and general guidance 
provided in reference 2 of section 13.0 of this 
appendix. 

6.9.1 Tesl for loose, ~u$ace particle 
contamination. After the initial weighing, install 
each test filter, in turn, in a filter cassette (Figures 
L-27, L-28, and L-29 of this appendix) and drop 
the cassette from a height of 25 cm to a flat hard 
surface, such as a particle-free wood bench. Repeat 
two times, for a total of three drop tests for each 
test filter. Remove the test filter from the cassette 
and weigh the filter. The average change in weight 
must be less than 20 pg. 

6.9.2 Test for temperature sxability After 
weighing each filter, place the test filters in a 
drying oven set at 40 “C ?r2 “C for not less than 
48 hours. Remove, condition, and reweigh each test 
filter. The average change in weight must be less 
than 20 pg. 

6.10 Afkaliniry. Less than 25 microequivalents/ 
_eram of filter, as measured by the guidance given 
tn reference 2 in section 13.0 of this appendix. 

6.11 Supplemental requirements. Although not 
required for determination of PM2.s mass 
concentration under this reference method, 
additional specifications for the filter must be 
developed by users who intend to subject PM2.s 
filter samples to subsequent chemical analysis. 
These supplemental specifications include 
background chemical contamination of the filter 
and any other filter parameters that may be required 
by the method of chemical analysis. All such 
supplemental filter specifications must be 
compatible with and secondary to the primary filter 
specifications given in this section 6.0 of this 
appendix. 
1.0 PM2.s Sampler. 

7.1 Conjgurarion. The sampler shall consist of 
a sample air inlet, downtube, particle size separator 
(impactor), filter holder assembly, air pump and 
flow rate control system, flow rate measurement 
device, ambient and filter temperature monitoring 
system, barometric pressure measurement system, 
timer, outdoor environmental enclosure, and 
suitable mechanical, electrical, or electronic control 
capabiiity to meet or exceed the design and 
functional performance as specified in this section 
7.0 of this appendix. The performance 
specifications require that the sampler: 

(a) Provide automaric control of sample 
volumetric flow rate and other operational 
parameters. 

(b) Monitor these operational parameters as well 
as ambient temperature and pressure. 

(c) Provide this information to the sampler 
operator at the end of each sample period in digital 
form, as specified in Table L-I of section 7.4.19 
of this appendix. 

1.2 Narure of specificorions. The PM2.s sampler 
is specified by a combination of design and 
performance requirements. The sample inlet, 
downtube, particle size discriminator, filter 
cassette, and the internal configuration of the filter 
holder assembly are specified explicitly by design 
figures and associated mechanical dimensions, 
tolerances, materials. surface finishes, assembly 

instructions, and other necessary specifications. All 
other aspects of the sampler are specifiedby 
required operational function and performance, and 
the desig of these other aspects-(including the 
design of the lower portion of the filter holder 
assembly) is optional, subject to acceptable 
operational performance. Test procedures to 
demonstrate compliance with both the design and 
performance requirements are set forth in subpart 
E of part 53 of this chapter. 

1.3 Design specifications. Except as indicated in 
this section 7.3 of this appendix, these components 
must be manufachtred or reproduced exactly as 
specified. in an IS0 9001~registered faciliv, with 
registration initially approved and subsequently 
maintained during the period of manufacture. See 
4 53. I(t) of this chapter for the definition of an 
ISO-registered facility. Minor modifications or 
variances to one or more components that clearly 
would nor affect the aerodynamic performance of 
the Inlet. downtube. impactor, or filter cassette will 
be conadcred for specific approval. Any such 
proposed modifications shall be described and 
submmcd to tbc EPA for specific individual 
acccpwbdsy cnhcr as part of a reference or 
qulvalcnr method application under part 53 of this 
&apt- or m wntmg in advance of such an 
incmkd apphcauon under part 53 of this chapter. 

7 3 1 .LmpL, r&r assembly. The sample inlet 
assemhl) crrnvsrmg of the inlet, downtube, and 
rmy;wux shall bc configured and assembled as 
md~ud m t rpurc L-I of this appendix and shall 
mecl rii ;r~zratccl requirements. A portion of this 
a-mhlb rn;ril all be subject to the maximum 
c~nti. ramplc IcaL mtc specification under section 
- 4 L 1). m,r appcndll. 

-:. _ 1~ !  1 hc sample inlet shall be fabricated 
e\ mtir.rrrl: IT: t +~urrs L-2 through L-18 of this 
rv11 err: till meet all associated 
rc~j;llmncn1\ 

- ; i i L .W WU.W The downtube shall be 
teru:ri a- m&atcd m Figure L-19 of this 
rvn.~ I a~ mil meet all associated 
?CL+1TKZ-\ 

T ; -I ,*.~‘z,rr 
- i 4 I Tnc Imwtor (particle size separator) 

shaii trc I~!WIGII~~ as Indicated in Figures L-20 
through L Z-1 ot this appendix and shall meet all 
as~~ratclf trqumznents. Following the 
manufacmrc and fimshing of each upper impactor 
housmg (Ftgurc L-2 1 of this appendix), the 
dimension of the impaction jet must be verified by 
the manufacturer using Class 22 go/no-go plug 
gauges that are traceable to NIST. 

7.3.4.2 impactor filter specifications: 
(a) Size. Circular, 35 to 37 mm diameter. 
(b) Medium. Borosilicate glass fiber, without 

binder. 
(c) Pore size. 1 to I .5 micrometer, as measured 

by ASTM F 3 16-80. 
(d) Thickness. 300 to 500 micrometers. 
7.3.4.3 Impactor,oil specifications: 
(a) Composition. 

Tetrarnethyltetraphenyltrisiloxane, single- 
compound diffusion oil. 

(b) Vapor pressure. Maximum 2 x I&s mm Hg 
at 25 “C. 

(c) Viscosity. 36 to 40 centistokes at 25 ‘C. 
(d) Density. 1.06 to 1.07 g/cm3 at 25 “C. 
(e) Quantity. 1 mL 3.1 mL. 
7.3.5 Fiirer holder assembly. The sampler shall 

have a sample filter holder assembly to adapt and 
seal to the down tube and to hold and seal the 
specified filter, under section 6.0 of this appendix, 
in the sample air stream in a horizontal position 
below the downtube such that the sample air passes 

downward thrcmgh the filter at a uniform face 
velocity. The upper portion of this assembly shall 
be fabricated as indicated in Figures L-25 and L- 
26 of this atipendix and shall accept and seal with 
the filter cassette, which shall be fabricated as 
indicated in Figures L-27 through L-29 of this 
appendix. 

(a) The lower portion of the filter holder 
assembly shall be of a design and construction that: 

(1) Mates with the upper portion of the assembly 
to complete the filter holder assembly, 

(2) Completes both the external air seal and the 
internal filter cassette seal such that all seals are 
reliable over repeated filter changings, and 

(3) Facilitates repeated changing of the filter 
cassette by the sampler operator. 

(b) Leak-test performance requirements for the 
filter holder assembly are included in section 7.4.6 
of this appendix. 

(c) If additional or multiple filters are stored in 
the sampler as patt of an automatic sequential 
sample capability, all such filters, unless they are 
currently and directly instaIled in a sampling 
channel or sampling configuration (either active or 
inactive), shall be covered or (preferably) sealed in 
such a way as to: 

(1) Preclude significant exposure of the filter to 
possible contamination or accumulation of dust, 
insects, or other material that may be present in the 
ambient air, sampler, or sampler ventilation air 
during storage periods either before or after 
sampling; and 

(2) To minimize loss of volatile or semi-volatile 
PM sample components during storage of the filter 
following the sample period 

7.3.6 Flow rate measuremen! adapter. A flow 
rate measurement adapter as specified in Figure L- 
30 of this appendix shall be furnished with each 
sampler. 

7.3.7 Su+zejnish. All internal surfaces 
exposed to sample air prior to the filter shall be 
treated electrolytically in a sulfuric acid bath to 
produce a PIear, uniform anodized surface finish of 
not less than 1000 mgW (I .08 mg/c&) in 
accordance with military standard specification 
(mil. spec.) 8625F, Type II, Class 1 in reference 
4 of section 13.0 of this appendix. This anodic 
surface coating shall not be dyed or pigmented. 
Following anodization, the surfaces shall be+zaladA 
by immersion in boiiing deionized water for not 
less than 15 minutes. Section 53.51(d)(2) of this 
chapter should also be consulted. 

7.3.8 Sampling height. The sampler shall be 
equipped with legs, a stand, or other means to 
maintain the sampler in a stable, upright position 
and such that the center of the sample air enhance 
to the inlet, during sample collection, is maintained 
in a horizontal plane and is 2.0 io.2 meters above 
the floor or other horizontal supporting surface. 
Suitable bolt holes, brackets, tiedowns, or other 
means should be provided to facilitate mechanically 
securing the sample to the supporting surface to 
prevent toppling of the sampler due to wind. 

7.4 Pe$ormance specifications. 
7.4.1 SampZeJow raze. Proper operation of the 

impactor requires that specific air velocities be 
maintained through the device. Therefore, the 
design sample air flow rate through the inlet shall 
be 16.67 Umin ( 1.000 m%our) measured as actual 
volumetric flow rate at the temperature and 
pressure of the sample air entering the inlet. 

7.4.2 Sample nirJow rate control system. The 
sampler shall have a sample air flow rate control 
system which shall be capable of providing a 
sample air volumetric flow rate within the specified 
range, under section 7.4.1 of this appendix, for the 
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specified filter, under section 6.0 of this appendix, 
at any atmospheric conditions specified, under 
section 7.4.7 of this appendix, at a filter pressure 
drop equal to that of a clean filter plus up to 75 
cm water column (55 mm Hg), and over the 
specified range of supply line voltage, under 
section 7.4.15.1 of this appendix. This flow control 
system shall allow for operator adjusment of the 
operational flow rate of the sampler over a range 
of at least z% 15 percent of the flow rate specified 
in section 7.4.1 of this appendix. 

7.43 SampleJow rate regulaiion. The sample 
flow rate shall be regulated such that for the 
specified filter, under section 6.0 of this appendix. 
at any atmospheric coriditions specified, under 
section 7.4.7 of this appendix, at a filter pressure 
drop equal to that of a clean filter plus up to 75 
cm water column (55 mm Hg), and over the 
specified mnge of supply line voltage, under 
section 7.4.15.1 of this appendix, the flow rate is 
regulated as follows: 

7.4.3.1 The volumetric flow rate, measured or 
averaged over intervals of not more than 5 minutes 
uver a 24-hour period, shall not vary more than f5 
percent from the specified 16.67 L/min flow rate 
over the entire sample period. 

7.4.3.2 The coeffacient of variation (sample 
standard deviation divided by the mean) of the flow 
rate. measured over a 24-hour period, shall not be 
greater than 2 percent. 

7.4.3.3 The amplitude of short-term flow rate 
pulsations, such as may originate from some types 
of vacuum pumps, shall be attenuated such that 
they do not cause significant flow measurement 
error or affect the collection of particles on the 
particle collection filter. 

7.4.4 Flow rare cur ofl The sampler’s sample air 
flow de ‘bontrdl systmi &all termitiate ‘&ple 
collection and stop all sample flow for the 
remainder of the sample period in the event that 
the sample flow rate deviates by more than 10 
percent from the sampler design flow rate specified 
in section 7.4.1 of this appendix for more than 60 
seconds. However, this sampler cut-off provision 
shall not apply during periods when the sampler is 
inoperative due to a temporary power interruption, 
and the elapsed time of the inoperative period shall 
not be included in the total sample time measured 
and reported by the sampler, under section ?.4.13 
of this appendix. 

7.4.5 Flow rare measuremenr. 
7.4.5.1 The sampler shall provide a means to 

measure and indicate the instantaneous sample air 
flow rate, which shall be measured as volumetric 
flow rate at the temperature and pressure of the 
sample air entering the inlet, with an accuracy of 
ti percent. The measured flow rate shall be 
available for display to the sampler operator at any 
time in either sampling or standby modes, and the 
measurement shall be updated at least every 30 
seconds. The sampler shall also provide a simple 
means by which the sampler operator can manually 
start the sample flow temporarily during non- 
sampling modes of operation, for the purpose of 
checking the sample flow rate or the flow rate 
measurement system. 

7.4.5.2 During each sample period, the sampler’s 
flow rate measurement system shall automatically 
monitor the sample volumetic flow rate, obtaining 
flow rate measurements at intervals of not greater 
than 30 seconds. 

(a) Using these interval flow rate measurements, 
the sampler shall determine or calculate the 
following flow-related parameters, scaled in the 
specified engineering units: 

(I) The instantaneous or interval-average flow 
rate, in Limin. 

(2) The value of the average sample flow rate 
for the sample period, in L/min. 

(3) The value of the coefficient of variation 
(sample standard deviation divided by the average) 
of the sample flow rate for ihe sample period, in 
percent. 

(4) The occurrence of any iime interval during 
the sample period in which the measured sample 
flow rate exceeds a range of f5 percent of the 
average flow rate for the sample period for more 
than 5 minutes, in which case a warning flag 
indicator shall be set. 

(5) The value of the integrated total sample 
volume for the sample period, in mj. 

(b) Determination or calculation of these values 
shall properly exclude periods when the sampler is 
inoperative duk to temporary interruption of 
electrical power, under section 7.4.13 of this 
appendix, or flow rate cut off, under section 7.4.4 
of this appendix. 

(c) These parameters shall be accessible to the 
sampler operator as specified in Table L-l of 
section 7.4.19 of this appendix. In addition, it is 
strongly encouraged that the tlow rate for each 5- 
minute interval during the sample period be 
available to the operator following the end of the 
sample period. 

7.4.6 Leak rest capabiliv. 
7.4.6.1 Externul leakage. The sampler shall 

include a.n external air leak-test capability 
consisting of components, accessory hardware, 
operator intRface contmls, a w&ten procedure in 
the associated Operation/Instruction Manual, under 
section 7.4.18 of this appendix, and all other 
necessary functional capability to pennit and 
facilitate the s+mpler operator tP conv.eniently carry 
out a leak test of.the.aampler, at a field monitoring 
site without additional equipment. The sampler 
components to be subjected to this leak test include 
all components and their interconnections in which 
external air leakage would or could cause an error 
in the sampler’s measurement of the total volume 
of sample ai: that passes through the sample filter. 

(a) The suggested technique for the operator to 
use for this leak test is as follows: 

(1) Remove the sampler inlet and installs the 
flow rate measurement adapter supplied with the 
sampler, under section 7.3.6 of this appendix. 

(2) Close the valve on the flow rate measurement 
adapter and use the sampler air pump to draw a 
partial vacuum in the sampler, including (at least) 
the impactor, filter holder assembly (filter in place), 
flow measurement device, and interconnections 
between these devices, of at least 55 mm l-lg (75 
cm water column), measured at a location 
downstream of the filter holder assembly. 

(3) Plug the flow system downstream of these 
components to isolate the components under 
vacuum from the pump, such as with a built-in 
valve. 

(4) Stop the pump. 
(5) Measure the trapped vacuum in the sampler 

with a built-in pressure measuring device. 
(6) (i) Measure the vacuum in the sampler with 

the built-in pressure measuring device again at a 
later time at least 10 minutes after the first pressure 
measurement. 

require that for successful passage of this test, the 

(ii) Caution: Following completion of the test, 
the adaptor valve should be opened slowly to limit 
the flow rate of air into the sampler. Excessive air 
flow rate may blow oil out of the impactor. 

(7) Upon completion of the test, open the adaptor 
valve, remove the adaptor and plugs, and restore 
the sampler to the normal operating configuration. 

(b) The associated leak test procedure shall 

difference between the two pressure measurements 
shall not be greater than the number of mm of Hg 
specified for the sampler by the manufacturer, 
based on the actual internal volume of the sampler, 
that indicates a leak of less than 80 mlimin. 

(c) Variations of the suggested technique or an 
alternative external leak test technique may be 
required for sample= whose design or 
configuration would make the suggested technique 
impossible or impractical. The specific proposed 
external leak test procedure, or particularly an 
alternative leak test technique, proposed for a 
particular candidate sampler may be described and 
submitted to the EPA for specific individual 
acceptability either as part of a reference or 
equivalent method application under part 53 of this 
chapter or in writing in advance of such an 
intended application under part 53 of this chapter. 

7.4.6.2 Internal, filter bypass leakuge. The 
sampler shall include an internal, filter bypass lcak- 
check capability consisting of components, 
accessory hardware, operator interface controls, a 
written procedure in the Operitio&tstruction 
Manual. and ail other necessary fimctionai 
capability to permit and facilitate the sampler 
operator to conveniently carry out a test for internal 
filter bypass leakage in the sampler at a field 
monitoring site without additional equipment. The 
purpose of the test is to determine that any portion 
of the sample flow rate that leaks past the sample 
filter without passing through the filter is 
insisigaifieant relative to the design flow rate for the 
sampler. 

(a) The suggested technique for the operator to 
use for this leak test is as follows: 

(1) Carry out an external leak test as provided 
under section 7.4.6.1 of this appendix which 
indicates successful passage of the prescribed 
external leak test. 

(2) Install a flow-impervious membrane material 
in the filter cassette, either with or without a filter, 
as appropriate, which effectively prevents air flow 
through the filter. 

(3) Use the sampler air pump to draw a partial 
vacuum in the sampler, downstream of the filter 
holder assembly, of at least 55 mm Hg (75 cm 
water column). 

(4) Plug the flow system downstream of the filter 
holder to isolate the components under vacuum 
from the pump, such as with a built-in valve. 

(5) Stop the pump. 
(6) Measure the trapped vacuum in the sampler 

with a built-in pressure measuring device. 
(7) Measure the vacuum in the sampler with the 

built-in pressure measuring device again at a later 
time at least IO minutes after the first pressure 
measurement. 

(8) Remove the flow plug and membrane and 
restore the sampler to the normal operating 
configuration. 

(b) The associated leak test procedure shall 
require that for successful passage of this test, the 
difference between the two pressure measurements 
shall not be greater than the number of mm of Hg 
specified for the sampler by the manufacturer, 
based on the actual internal volume of the portion 
of the sampler under vacuum, that indicates a leak 
of less than 80 mL/min. 

(c) Variations of the suggested technique or an 
alternative internal, filter bypass leak test technique 
may be required for samplers whose design or 
configuration would make the suggested technique 
impossible or impractical. The specific proposed 
internal leak test procedure, or particularly an 
alternative internal leak test technique proposed for 
a particular candidate sampler may be described 
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and submitted to the EPA for specific individual 
acceptability either as part of a reference or 
equivalent method application under part 53 of this 
chapter or in wriring in advance of such intended 
application under part 53 of this chapter. 

1.3.5 Filter holder assembly. The sampler shall 
have a sample filter holder assembly to adapt and 
seal to the down tube and to hold and seal the 
specified filter, under section 6.0 of this appendix, 
in the sample air sEeam in a horizontai position 
below the downtube such that the sample air passes 
downward through the filter at a uniform face 
velocity. The upper portion of this assembly shall 
be fabricated as indicated in Figures L-25 and L- 
26 of this appendix and shall accept and seal with 
the filter cassette, which shall be fabricated as 
indicated in Figures L-27 through L-29 of this 
appendix. 

(a) The lower portion of the filter holder 
assembly shall be of a design and consh-uction that: 

(1) Mates with the upper portion of the assembly 
to complete the filter holder assembly, 

(2) Completes both the external air seal and the 
internal filter cassette seal such that all seals are 
reliable over repeated filter changings, and 

(3) Facilitates repeated changing of the filter 
cassette by the sampler operator. 

(b) Leak-test performance requirements for the 
filter holder assembly are included in section 7.4.6 
of this appendix. 

(c) If additional or multiple filters are stored in 
the sampler as part of an automatic sequential 
sample capability, all such filters, unless they are 
currently and directly installed in a sampling 
channel or sampling configuration (either active or 
inactive), shall be covered or (preferably) sealed in 
such a way as to: 

(1) Preclude significant exposure of the filter UJ 
possible contamination or accumulation of dust, 
insects, or other material that may be present in the 
ambient air, sampler, or sampler ventilation air 
during storage periods either before or after 
sampling: and 

(2) To minimize loss of volatile or semi-volatile 
PM sample components during storage of the filter 
following the sample period. 

7.3.6 Flow rote measurement adapter. A flow 
rate measurement adapter as specified in Figure L- 
30 of this appendix shall be furnished with each 
sampler. 

7.3.7 Surficejinish. All internal surfaces 
exposed to sample air prior to the filter shall be 
treated electrolytically in a sulfuric acid bath to 
produce a clear, uniform anodized surface finish of 
not less than 1000 mg/ftz (I .08 mg/cmz) in 
accordance with military standard specification 
(mil. spec.) 8625F, Type 11, Class I in reference 
4 of section 13.0 of this appendix. This anodic 
surface coating shall not be dyed or pigmented. 
Following anodization, the surfaces shall be sealed 
by immeaion in boiling deionized water for not 
less than 15 minutes. Section 53.51(d)(2) ofthis 
chapter should also be consulted. 

7.3.8 Sampling height. The sampier shall be 
equipped with legs, a stand, or other means to 
maintain the sampler in a stable, upright position 
and such that the center of the sample air enhance 
to the inlet, during sample collection, is maintained 
in a horizontal plane and is 2.0 ti.2 meters above 
the floor or other horizonral supporting surface. 
Suitable bolt holes, brackets, tie-downs, or other 
means should be provided to facilitate mechanically 
securing the sample to the supporting surface to 
prevent toppling of the sampler due to wind. 

7.4 Peiformance specijications. 
7.4.1 Sompie/7ow Mte. Proper operation of the 

imnactor reouires that snecific air velocities be 

maintained through the device. Therefore, the 
design sample air flowxate through the irilet shall 
be 16.67 L/min (1 .OOO mVhour) measured as acmal 
volumetric flow rate at the temperature and 
pressure of the sample air entering the inlet 

7.4.2 Sample nirjlow rate control system. I%e 
sampler shall have a sample air flow rate control 
system which shall be capable of providing a 
sample air volumetric flow rate within the specified 
range, under section 7.4.1 of this appendix, for the 
specified filter, under section 6.0 of this appendix, 
at any atmospheric conditions specified, under 
section 7.4.7 of this appendix, at a filter pressure 
drop equal to that of a clean filter plus up to 75 
cm water column (55 mm Hg), and over the 
specified range of supply line voltage, under 
section 7.4.15.1 of this appendix. This flow control 
system shail allow for operator adjustment of the 
operational flow rate of the sampler over a range 
of at least +I5 percent of the flow rate specified 
in section 7.4.1 of this appendix. 

7.4.3 Samplejlow rote regulation. The sample 
flow rate shall be regulated such that for the 
specified filter, under section 6.0 of this appendix, 
at any atmospheric conditions specified, under 
section 7.4.7 of this appendix, at a filter pressure 
drop equal to that of a clean filter plus up to 75 
cm water column (55 mm Hg), and over the 
specified range of supply line voltage, under 
section 7.4.15.1 of this appendix, the flow rate is 
regulated as follows: 

7.4.3.1 The volumetric flow rate. measured or 
averaged over intervals of not more than 5 minutes 
over a 24-hour period, shall not vary more than ?5 
percent from the specified 16.67 L./min flow rate 
over the entire sample period. 

7.4.3.2 The coefi%ient of variation (sample 
standard deviation divided by the mean) of the flow 
rate, measured over a 24-hour period, shali nof be 
pm than 2 percent 

7.4.3.3 The amplitude of short-term flow i-ate 
pulsations, such as may originate from some types 
of vacuum pumps, shall be attenuated such that 
they do not cause significant flow measurement 
error or affect the collection of particles on the 
particle collection filter. 

7.4.4 Flow rate cuz ofl The sampler’s sample air 
flow mte control system shall terminate sample 
collection and stop all sample flow for the 
remainder of the sample period in the event that 
the sample flow rate deviates by more than 10 
percent from the sampler design flow rate specified 
in section 7.4.1 of tbis appendix for more than 60 
seconds. However, this sampler cut-off provision 
shall not apply during periods when the sampler is 
inoperative due IO a temporary power interruption, 
and the elapsed time of the inoperative period shall 
not be included in the total sample time measured 
and reported by the sampler, under section 7.4.13 
of this appendix. 

7.4.5 Flow rate measurement. 
7.4.5.1 The sampler shall provide a means to 

measure and indicate the instantaneous sample air 
flow rate, which shall be measured as volumetric 
flow rate at the temperature and pressure of the 
sample air entering the inlef with an accuracy of 
i2 percent. The measured t-low rate shall be 
available for display to the sampler operator at any 
time in either sampling or standby modes, and the 
measurement shall be updated at least every 30 
seconds. The sampler shall also provide a simple 
means by which the sampler operator can manually 
start the sample flow temporarily during non- 
sampling modes of operation, for the purpose of 
checking the sample flow rate or the flow rate 
measurement system. 

7.4.5.2 During each sample period, the sampler’s 
flow rate measurement system shall automatically 
monitor the sample volumetric flow rate, obtaining 
flow rate measurements at intervals of not greater 
than 30 seconds. 

(a) Using these interval flow rate measurements, 
the sampler shall determine or calculate the 
following flow-related parameters, scaled in the 
specified engineering units: 

(1) The instantaneous or interval-average flow 
rate, in IJmin. 

(2) The value of the average sample flow rate 
for the sample period, in L/min. 

(3) The value of the coefticient of variation 
(sample standard deviation divided by the average) 
of the sample flow rate for the sample period, in 
percent. 

(4) The occurrence of any time interval during 
the sample period in which the measured sample 
flow rate exceeds a range of &5 percent of the 
average flow rate for the sample period for more 
than 5 minutes, in which case a warning flag 
indicator shall be set. 

(5) The value of the integrated total sample 
volume for the sample period, in rnj. 

(b) Determination or calculation of these values 
shall properly exclude periods when the sampler is 
inoperative due to temporary interruption of 
electrical power, under section 7.4.13 of this 
appendix, or flow rate cut off, under section 7.4.4 
of this appendix. 

(c) These parameters shall be accessible to the 
sampler operator as specified in Table L-l of 
section 7.4.19 of thii appendix. In addition, it is 
strongly encouraged tit the flow rate for each 5- 
minute interval during the sample period be 
available to the operator following the end of the 
sample period. 

7.4.6 Leak test capabilig. 
7.4.6.1 External [e&age. The sampler shall 

include an external air leak-test capability 
consisting of components, accessory hardware, 
operator interface contiols, a w-r? ?n procedure in 
the associated Operation/Instmction Manual, under 
section 7.4. IS of this appendix, and all other 
necessaly functional capability to permit and 
facilitate the sampler operator to conveniently carry 
out a leak test of the sampler at a field monitoring 
site without additional equipment The sampler- - . 
components fo be subjected to this leak test include 
all components and their interconnections in which 
external air leakage would or could cause an error 
in the sampler’s measurement of the total volume 
of sample air that passes through the sample filter. 

(a) The suggested technique for the operator to 
use for this leak test is as follows: 

(1) Remove the sampler inlet and installs the 
flow rate measurement adapter supplied with the 
sampler, under section 7.3.6 of this appendix. 

(2) Close the valve on the flow rate measurement 
adapter and use the sampler air pump to draw a 
partial vacuum in the sampler, including (at least) 
the impactor, filter holder assembly (filter in place), 
flow measurement device, and interconnections 
between these devices, of at least 55 mm Hg (75 
cm water column), measured at a location 
downstream of the filter holder assembly. 

(3) Plug the flow system downstream of these 
components to isolate the components under 
vacuum from the pump, such as with a built-in 
valve. 

(4) Stop the pump. 
(5) Measure the trapped vacuum in the sampler 

with a built-in pressure measuring device. 
(6) (i) Measure the vacuum in the sampler with 

the built-in pressure measuring device again at a 
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later time at least IO minutes after the first pressure 
measurement. 

(ii) Caution: Following completion of the test, 
the adaptor valve should be opened slowly to limit 
the flow rate of air into the sampler. Excessive air 
flow rate may blow oil out of the impactor. 

(7) Upon completion of the test, open the adaptor 
valve, remove the adaptor and plugs, and restore 
the sampler to the normal operating configuration. 

(b) The associated leak test procedure shall 
require that for successful passage of this test, the 
difference between the two pressure measurements 
shall not be greater than the number of mm of Hg 
specified for the sampler by the manufacturer, 
based on the actual internal volume of the sampler, 
that indicates a leak of less than 80 rnL/min. 

(c) Variations of the suggested technique or an 
alternative external leak test technique may be 
required for samplers whose design or 
configuration would make the suggested technique 
impossible or impractical. The specific proposed 
external leak test procedure, or particularly an 
alternative leak test &hnique, proposd for a 
particular candidate sampler may be described and 
submitted to the EPA for specific individual 
acceptability either as part of a reference or 
equivalent method application under part 53 of this 
chapter or in writing in advance of such an 
intended application under part 53 of this chapter. 

7.4.6.2 Internal, jilter bypass Ieakoge. The 
sampler shall include an internal, filter bypass leak- 
check capability consisting of components, 
accessory hardware, operator interface controls, a 
written procedure in the Operation/Instruction 
Manual, and all other necessary functional 
capability to permit and facilitate the sampler 
operator to aonveniently cany 0ut.a test for internal 
filter bypass leakage in the sampler at a field 
monitoring site without additional equipment. The 
purpose of the test is to determine that any portion 
of the sample flow rate that leaks past the sample 
filter without passing through the tilter is 
insignificant relative to the design flow rate for the 
sampler. 

(a) The suggested technique for the operator to 
use for this leak test is as follows: 

(I) Carry out an external leak test as provided 
under section 7.4.6.1 of this appendix which 
indicates successful passage of the prescribed 
external leak test. 

(2) Install a flow-impervious membrane material 
in the filter cassette. either with or without a filter. 
as appropriate, which effectively prevents air flow 
through the filter. 

(3) Use the sampler air pump to draw a partial 
vacuum in the sampler, downstream of the filter 
holder assembly, of at least 55 mm Hg (75 cm 
water column). 

(4) Plug the flow system downstream of the filter 
holder to isolate the components under vacuum 
from the pump, such as with a built-in valve. 

(5) Stop the pump. 
(6) Measure the trapped vacuum in the sampler 

with a built-in pressure measuring device. 
(7) Measure the vacuum in the sampler with the 

built-in pressure measuring device again at a later 
time at least IO minutes after the first pressure 
measurement. 

(8) Remove the flow plug and membrane and 
restore the sampler to the normal operating 
configuration. 

(b) The associated leak test procedure shall 
require that for successful passage of this test, the 
difference between the two pressure measurements 
shall not be greater than the number of mm of Hg 
specified for the sampler by the manufacturer, 

based on the actual internal volume of the portion 
of the sampler under vacuum, that indicates a’ leak 
of less than 80 mlimin. 

(c) Variations of the suggested technique or an 
alternative internal, filter bypass leak rest technique 
may be required for samplers whose design or 
configuraGon would make the suggested technique 
impossible or impractical. The specific proposed 
internal leak test procedure, or particularly an 
alternative internal leak test technique proposed for 
a particular candidate sampler may be described 
and submitted to the EPA for specific individuai 
acceptability either as part of a reference or 
equivalent method application under part 53 of this 
chapter or in writing in advance of such intended 
application under part 53 of this chapter. 

1.4.7 Range of operational conditions. The 
sampler is required to operate properly and meet 
all requirements specified in this appendix over the 
foliowmg operational ranges. 

7.4.7.1 Ambient temperature. -30 to +45 ‘T 
(Note: Although for practical reasons, the 
temperature mnge over which samplers are required 
to bc tcstcd under part 53 of this chapter is -20 
to -40 “C. :Rc sampler shall be designed to operate 
properly over ehts wider temperature range.). 

7 4 7.2 .Jmbrcnr relative humidity. 0 to 100 
percent 

T 4 7.3 Bammorric pressure range. 600 to 800 
mm HF 

- 4 k 4mhrrvnr rt*mpernrure sewor. The sampler 
s’hail hare capahdtty to measure the temperatbre of 
the amblcnt an surrounding the sampler over the 
~~ncc of -;lt ICY -45 “C. with a resolution of 0.1 
. ( an2 KC ur5c* of ‘1.0 “C, referenced as 
dc\irrMd w rctcrencc 3.in section 13.0 of this 
a:p-n&~ - Ith and withaut maximum solar 
Inu*lml4r 

- 4 F 1 The rmhmt ttmperature sensor shall be 
m~~unrrd cltcmd! to the sampler enclosure and shall 
hJ\ c 4 pa~\r\r. naturally ventilated sun shield. The 
wmm th.a!l k located such that the entire sun 
zhlciJ I’ at tcJe 5 cm above rhe horizontal plane 
o! !hr umpin cz.c or enclosure (disregarding the 
rnict arni do-nruhe) and external to the vertical 
plant 01 the nearrsr sldc or protuberance of the 
sampler c.a= or enclosure. The maximum 
temperature mcasumnmt error of the ambient 
tcmpmture measurement system shall be less than 
I .h “C at 1 nws wind speed and 1000 W/m2 solar 
radiation intensity. 

7.4.8.2 The ambient temperature sensor shall be 
of such a design and mounted in such a way as 
to facilitate its convenient dismounting and 
immersion in a liquid for calibration and 
comparison to the filter temperature sensor, under 
section 7.4.11 of this appendix. 

7.4.8.3 This ambient temperature measurement 
shall be updated af least every 30 seconds during 
both sampling and standby (non-sampling) modes 
of operation. A visual indication of the current 
(most recent) value of the ambient temperature 
measurement, updated at least every 30 seconds, 
shall be available to the sampler operator during 
both sampling and standby (non-sampling) modes 
of operation, as specified in Table L-l of section 
7.4.19 of this appendix. 

7.4.8.4 This ambient temperature measurement 
shall be used for the purpose of monitoring filter 
temperature deviation from ambient temperature, as 
required by section 7.4.1 I of this appendix, and 
may be used for purposes of effecting filter 
temperature control, under section 7.4. IO of this 
appendix, or computation of volumetric flow rate, 
under sections 7.4.1 to 7.4.5 of this appendix, if 
appropriate. 

7.4.8.5 Folbwing the end of each sample period. 
the sampler shall repon. the maximum, minimum. 
and aGerage temperatire for the sample period, as 
specified in Table L-1 of section 7.4.19 of this 
appendix. 

7.4.9 Ambient barometn’c sensor. The sampler 
shall have capability to measure the baromeuic 
pressure of the air surrounding the sampler over a 
range of 600 to 800 mm Hg referenced as described 
in reference 3 in section 13.0 of this appendix; also 
see pan 53, subpart E of this chapter. This 
barometric pressure measurement shall have a 
resolution of 5 mm Hg and an accuracy of rtl0 mm 
Hg and shall be updated at least every 30.seconds. 
A visual indication of the value of the current (most 
recent) barometric pressure measurement, updated 
at least every 30 seconds, shall be available to the 
sampler operator during both sampling and standby 
(non-sampling) modes of operation, as specified iu 
Table L-l of section 7.4.19 of this appendix. This 
barometric pressure measurement may be used for 
purposes of computation of volumetric flow rate, 
under sections 7.4.1 to 7.4.5 of this appendix, if 
appropriate. Following the end of a sample period, 
the sampler shall report the maximum, minimum, 
and mean baromtrric pressures for the sample 
period, as specified in Table L- 1 of section 7.4.19 
of this appendix. 

7.4.10 Filter temperature control (sampling and 
post-sampling). The sampler shall provide a means 
to limit the temperature rise of the sample filter (all 
mplt filters for scqumtial samplers), from 
insolation and other sources, to no more 5 OC above 
the temperature of the ambient air surrounding the 
sampler, during both sampling and post-sampling 
periods of qperation. The post-samplingperiod is 
the non-sampling period behvaat the tndofthe 
active sampling period and the time of retrieval of 
the sample filter by the sampler operator. 

7.4.11 Filter temperature sensor(s). 
7.4.1 I. 1 The sampler shall have the capability to 

monitor the temperature of the sample filter (all 
sample filters for sequential samplers) over the 
range of -30 to +45 “C during both sampling and 
non-sampling periods. While the exact location of 
this temperature sensor is not explicitly specified, 
the filter temperature measurement system must 
demonstrate agreement, within 1 OC, with a test 
temperature sensor located within I cm of the . 
center of the filter downstream of the filter during 
both sampling and non-sampling modes, as 
specified in the filter temperature measurement test 
described in part 53, subpart E of this chapter. This 
filter temperature measurement shall have a 
resolution of 0. I “C and accuracy of +I .O “C, 
referenced as described in reference 3 in section 
13.0 of this appendix. This temperature sensor shall 
be of such a design and mounted in such a way 
as to facilitate its reasonably convenient 
dismounting and immersion in a liquid for 
calibration and comparison to the ambient 
temperature sensor under section 7.4.8 of this 
appendix. 

7.4.11.2 The filter temperature measurement 
shall be updated at least every 30 seconds dtning 
both sampling and standby (non-sampling) modes 
of operation. A visual indication of the current 
(most recent) value of the filter temperature 
measurement, updated at least every 30 seconds, 
shall be available to the sampler operator during 
both sampling and standby (non-sampling) modes 
of operation, as specified in Table L-1 of section 
7.4.19 of this appendix. 

7.4.11.3 For sequential samplers, the temperature 
of each filter shall be measured individually unless 
it can be shown, as specified in the filter 
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temperature measurement test described in 5 53.57 
of this chapter, that the temperature of each filter 
can be represented by fewer temperature sensors. 

7.4. I I .4 The sampler shall also provide a 
warning flag indicator following any occurrence in 
which the filter temperature (any filter temperature 
for sequential samplers) exceeds the ambient 
temperature by more than 5 “C for more than 30 
consecutive minutes during either the sampling or 
post-sampling periods of operation, as specified in 
Table L-l of section 7.4.19 of this appendix, under 
section 10.12 of this appendix, regarding sample 
validity when a warning flag occurs. It is further 
recommended (not req+red) that the sampler be 
capable of recording the maximum differ&&J 
between the measured filter tempetature and the 
ambient temperature and its time and date of 
occurrence during both sampling and post-sampling 
(non-sampling) modes of operation and providing 
for those data to be accessible to the sampler 
operator following the end of the sample period 
as suggested in Table L-l of section 7.4.19 of this 
appendix. 

7.4.12 Clock/timer system. 
(a) The sampler shall have a programmable real- 

time clock timing/control system that: 
(1) Is capable of maintaining local time and date, 

including year, month, day-of-month, hour, minute, 
and second to an accuracy of +I.0 minute per 
month. 

(2) Provides a visual indication of the current 
system time, including year, month, day-of-month, 
hour, and minute, updated at least each minute, for 
operator verification. 

(3) Provides appropriate opetator controls for 
setting the correct local time and date. 

(4) Is capable of starting the sample collection 
period and sample air flow at a specific, operator- 
settable time and date, and stopping the sample air 
flow and terminating tb.e sampler collection period 
24 hours (1440 minutes) later, or at a specific, 
operator-settable time and date. 

(b) These start and stop times shall be readily 
settable by the sampler operator to within il .O 
minute. The system shall provide a visual 
indication of the current start and stop time settings, 
readable to Fl .O minute, for verification by the 
operator, and the start and stop times shall also b-e 
available via the data output port, as specified in 
Table L-i of section 7.4.19 of this appendix. Upon 
execution of a programmed sample period start, the 
sampler shall automatically reset all sample period 
information and warning flag indications pertaining 
to a previous sample period. Refer also to section 
7.4.15.4 of this appendix regarding retention of 
current date and time and programmed start and 
stop times during a temporary electrical power 
interruption. 

7.4.13 Sample time derwminotion. The sampler 
shall be capable of determining the elapsed sample 
collection time for each PM2.s sample, accurate to 
within * 1 .O minute, measured as the time between 
the start of the sampling period, under section 
7.4.12 of this appendix and the termination of the 
sample period, under section 7.4.12 of this 
appendix or section 7.4.4 of this appendix. This 
elapsed sample time shall not include periods when 
the sampler is inoperative due to a temporary 
interruption of electrical power, under section 
7.4.15.4 of this appendix. tn the event that the 

elapsed sample time determined for the sampIe 
period is not within the range specified fdr the 
required sample ptriod in section 3.3 of this 
appendix, the sampler shall set a warning flag 
indicator. The date and time of the start of the 
sample period, the value of the elapsed sample time 
for the sample period, and the flag indicator status 
shall be available to the sampler operator following 
the end of the sample period, as specified in Table 
L-l of section 7.4.19 of this appendix. 

7.4.14 Outdoor environmental enclosure. The 
sampler shall have an outdoor enclosure (or 
enclosures) suitable to protect the filter and other 
non-weatherproof components of the sampler from 
precipitation, wind, dust, extremes of temperature 
and humidity; to help maintain temperature corm01 
of the filter (or filters, for sequential samplers); and 
to provide reasonable security for sampler 
components and settings. 

7.4.1 S Electrical power supply. 
7.4.15.1 The sampler shall be operable and 

function as specified herein when operated on an 
electrical power supply voltage of 105 to 125 volts 
AC @MS) at a frequency of 59 to 61 Hz. Optional 
operation as specified at additional power supply 
voltages an&or frequencies shall not be precluded 
by this requirement 

7.4.15.2 The design and construction of the 
sampler shall comply with all applicable National 
Electrical Code and Underwriters Laboratories 
electrical safety requirements. 

7.4.15.3 The design of all electrical and 
electronic controls shall be such as to provide 
reasonable resistance to interference or malfunction 
from ordinary or typical levels of stray 
electromagnetic fields (EMF) as may be found at 
various monitoring sites and from typical levels of 
electrical transients or electronic noise as may often 
or occasionally be present on various electrical 
power lines. 

7.4.15.4 In the event of temporary loss of 
electrical supply power to the sampler, the sampler 
shall not b-e required to sample or provide other 
specified functions during such loss of power, 
except that the internal clock/timer system shall 
maintain its local time and date setting within +I 
minute per week, and the sampler shall retain all 
other time and programmable settings and all data 
required to be available to the sampler operator 
following each sample period for at least 7 days 
without electrical supply power. When electrical 
power is absent at the operator-set time for starting 
a sample period or is interrupted during a sample 
period, the sampler shall automatically start or 
resume sampling when electrical power is restored, 
if such restoration of power occurs before the 
operator-set stop time for the sample period. 

7.4.15.5 The sampler shall have the capability to 
record and retain a record of the year, month, day- 
of-month, hour, and minute of the sfart of each 
power interruption of more than 1 minute duration, 
up to 10 such power interruptions per sample 
period. (More than 10 such power interruptions 
shall invalidate the sample, except where an 
exceedance is measured, under section 3.3 of this 
appendix.) The sampler shall provide for these 
power interruption data to be available to the 
sampler operator following the end of the sample 
period, as specified in Table L-l of section 7.4.19 
of this appendix. 

7.4.16 Control devices and operator inte&e. 
The sampler shall have mechanical, electrical, or 
elect&tic conuols, cdntrol devices, electrical or 
electronic circuits as necessary to provide the 
timing, flow rafe measurement and control, 
tcmpemture control, data storage and computation, 
operator interface, and other functions specified. 
Operator-accessible controls, data displays, and 
interface devices shall be designed to be simple, 
straightforward, reliable, and easy to learn, read, 
and operate under field conditions. The sampler 
shall have provision for operator input and storage 
of up to 64 characters of numeric (or alphanumeric) 
data for purposes of site, sampler, and sample 
identification. This information shall be available to 
the sampler operator for verification and change 
and for output via the data output port along with 

other data following the end of a sample period, 
as specified in Table L-l of section 7.4.19 of this 
appendix. All data required to be available to the 
operator following a sample collection period or 
obtained during standby mode in a post-sampling 
period shall be retained by the sampler until reset, 
either manually by the operator or automatically by 
the sampler upon initiation of a new sample 
collection period. 

7.4.17 Data ourpurport requirement. The 
sampler shall have a standard RS-232C data output 
connection through which digital data may be 
exported to an external data storage or transn-&sion 
device. All information which is required to be 
available at the end of each sample period shall be 
accessible through this data output connection. The 
information that shall be accessible though this 
output port is summarized in Table L-l of section 
7.4.19 of this appendix. Since no specific format 
for the output data is provided, the sampler 
manufacturer or vendor shall make available to 
sampler purchasers appropriate computer software 
capable of receiving exported sampler data and 
correctly translating the data into a standard 
spreadsheet format and optionally any other 
formats as may be useful to sampler users. This 
requirement shall not preclude the sampler from 
offering other types of output connections in 
addition to the required RS-232C port. 

7.4.18 Operaiioion manuaI. The 
sampler shall include an associated comprehensive _ 
operation or insnuction manual, as required by part 
53 of this chapter, which includes detailed 
operating instructions on the setup, operation, 
calibration, and maintenance of the sampler. This 
manual shall provide complete and detailed 
descriptions of the operational and calibration 
procedures prescribed for field use of the sampler 
and all instruments utilized as part of this reference 
method. The manual shall include adequate 
warning of potential safety hazards that may result 
from normal use or malfunction of the method and 
a description of necessary safety precautions. The 
manual shall also include a clear description of all 
procedures pertaining to installation, operation, 
periodic and corrective maintenance, and 
Eoubleshooting, and shall include parts 
identification diagrams. 

7.4.19 Data reporting requirements. The various 
information that the sampler is required to provide 
and how it is to be provided is summarized in the 
following Table I.,-1. 
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TABLE L-l .-SUMMARY OF INFORMATION To BE PROVIDED BY THE SAMPLER 
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Appendix 
L section 
reference 

Format 
Information to be pro- 

vided Anytime’ End of pe- 
riod’ 

Visual dis- 
plays 

Data out- 
put4 

Digital reading5 Units 

7.4.5.3 

7.4.5.2 . . . 

7.4.5.2 . . 

7.4.5.2 __._ 

7.4.5.2 _.__ 
7.4.8 . 

7.4.8 . ..-1.. 

7.4.9 . 

7.4.9 . . . . . . . 

Flow rate, 30-second 
maximum interval. 

Flow rate, average for 
the sample period. 

Flow rate. CV. for 
sample period. 

Flow rate, 5min. aver- 
age out of spec. 
(FLAGS). 

Sample volume, total 
Temperature, ambient, 

30-second interval. 
Temperature. ambient, 

min., max., average 
for the sample pe- 
riod. 

Baro pressure, ambi- 
ent, 30-second inter- 
val. 

Baro pressure, ambi- 
ent. min., max., av- 
erage for the sample 
period. 

Filter temperature, 30- 
second interval. 

Filter temperature dif- 
ferential, 30-second 
interval, out of spec. 
(FLAGG). 

Filter temperature, 
maximum differential 
from ambient, date, 
time of occurrence. 

Date and time . . . . . . . 
Sample start and stop 

time settings. 
Sample period start 

time. 
Elapsed sample time 
Elapsed sample time, 

out of spec. (FLAG6: 
Power interruptions >I 

min., start time of 
first 10. 

User-entered informa- 
tion. such as sam- 
pler and site identi- 
fication. 

7.4.11 . . 

7.4.11 . . . . 

. xx.x ........................... Umin 

d d xx.x ........................... Umin 

d xx.x ........................... % 

d On/Off ........................ 

d xx.x ........................... m3 
. . . . . . . . . xx.x ........................... “C 

d xxx ........................... “C 

. . . xxx ............................ mm Hg 

d xxx ............................ mm Hg 

xX.x ........................... “C 

I/a OnlOff ........................ 

l X.X. YYIMMIDD 
HH:mm. 

WIMMIDD HH:mm .... 
YYIMMIDD HH:mm .... 

WYYIMMIDD HH:mm 

t HH:mm ....................... 
. . . . . . . . . . . --. OnlOff ........................ 

I lHH:mm. 2HH:mm. Hrs. min 
etc .... 

(/ As entered ................. 

7.4.11 . . . . . “C, Yr.lMonJDay Hrs. 
min 

7.4.12 ._... 
7.4.12 . . . . . 

7.4.12 . 

7.4.13 . . . 
7.4.13 . . 

7.4.15.5 

Yr./Mon.lDay Hrs. min 
Yr.lMon.lDay Hrs. min 

Yr./Mon./Day Hrs. min 

Hrs. min 

7.4.16 _____ 

/ Provision of this information is required. 
Provision of this information is optional. If information related to the entire sample period is optionally provided prior to the end of the sample 

period, the value provided should be the value calculated for the portion of the sampler period completed up to the time the InformatIon is pro- 
vided. 

0 Indicates that this information is also required to be provided to the AIRS data bank; see § § 58.25 and 58.35 of this chapter. 

1 Information is required to be available to the operator at any time the sampler is operating, whether sampling or not. 
2 Information relates to the entire sampler period and must be provided following the end of the sample period until reset manually by the oper- 

ator or automatically by the sampler upon the start of a new sample period. 
3 Information shall be available to the operator visually. 
4 Information is to be available as digital data at the sampler’s data output port specified in section 7.4.16 of this appendix following the end of 

the sample period until reset manually by the operator or automatically by the sampler upon the start of a new sample period. 
5 Digital readings, both visual and data output, shall have not less than the number of significant digits and resplutiqn specified. 
6 Flag warnings may be displayed to the operator by a single-flag indicator or each flag may be displayed Indlvldually. Only a set (on) flag 

warning must be indicated; an off (unset) flag may be indicated by the absence of a flag warning. Sampler users should refer to sectton 10.12 of 
this appendix regarding the validity of samples for which the sampler provided an associated flag warning. 

8.0 Filter Weighing. See reference 2 in section 13.0 8.1 Analytical balance. The analytical balance pg. The balance shall be calibrated as specified by 
of this appendix, for additional, more detailed used to weigh filters must be suitable for weighing the manufacturer at installation and recalibrated 
guidance. the type and size of filters specified, under section immediately prior to each weighing session. See 

6.0 of this appendix, and have a readability of I1 
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reference 2 in section 13.0 of this appendix for 
additional guidance. 

8.2 Filrer conditioning. All sample filters used 
shall be conditioned immediately before both the 
pre- and post-sampling weighings as specified 
below. See reference 2 in section 13.0 of this 
appendix for additional guidance. 

8.2.1 Mean temperature. 20 - 23 “C. 
8.2.2 Temperature control. -+z “C over 24 hours. 
8.2.3 Mean humidity. Generally, 3-O percent 

relative humidity; however, where it can be shown 
that the mean ambient relative humidity during 
sampling is less than 30 percent, conditioning is 
permissible at a mean relative humidity within ti 
relative humidity percerit of the mean ambient 
relative humidity during sampling, but not less than 
20 percent. 

8.2.4 Humidity control. ti relative humidity 
percent over 24 hours. 

8.2.5 Conditioning time. Not less than 24 hours. 
8.3 Weighing procedure. 
8.3.1 New filters should be placed in the 

conditioning environment immediately upon arrival 
and stored there until the pre-sampling weighing. 
See reference 2 in section 13.0 of this appendix for 
additional guidance. 

8.3.2 The analytical balance shall be located in 
the same coneolled envirommmt in which the 
filters are conditioned. The filters shall be weighed 
immediately following the conditioning period 
without intermediate or transient exposure fo other 
conditions or environments. 

8.3.3 Filters must be conditioned at the same 
conditions (humidity within ?5 relative humidity 
percent) before both the pre- and post-sampling 
weighings. 

8.3.4 Both the pre- and post-sampling weighings 
should be carried out on the same analytical 
balance, using an effective technique to neutralize 
static charges on the filter. under reference 2 in 
section 13.0 of this appendix. If possible, both 
weighings should be carried out by the same 
analyst. 

8.3.5 The pre-sampling (tare) weighing shall be 
within 30 days of the sampling period. 

8.3.6 The post-sampling conditioning and 
weighing shall be completed within 240 hours (10 
days) after the end of the sample period, unless the 
filter sample is maintained af 4 “C or less during 
the entire time between retrieval from the sampler 
and the start of the conditioning, in which case the 
period shall not exceed 30 days. Reference 2 in 
section 13 .O of this appendix has additional 
guidance on nansport of cooled filters. 

8.3.7 Filter blanks. 
8.3.7.1 New field blank filters shall be weighed 

along with the pre-sampling (tare) weighing of each 
lor of PM2.s filters. These blank filters shall be 
transported to the sampling site, installed in the 
sampler, retrieved from the sampler without 
sampling, and reweighed as a quality control check. 

8.3.7.2 New laboratory blank filters shall be 
weighed along with the pre-sampling (tare) 
weighing of each sef of PM2.s filters. These 
laboratory blank filters should remain in the 
laboratory in protective containers during the field 
sampling and should be reweighed as a quality 
control check. 

8.3.8 Additional guidance for proper filter 
weighing and related quality assurance activities is 
provided in reference 2 in section 13.0 of this 
appendix. 
9.0 Calibrozion. Reference 2 in section 13.0 of this 
appendix contains additional guidance. 

9.1 General requiremenrs. 
9.1.1 Multipoint calibration and single-point 

verification of the sampler’s flow rate measurement 

device must be performed periodically to establish 
and maintain traceability of subsequent flciw 
measurements to a flow rate standard. 

9.1.2 An authorirative flow rate standard shall be 
used for calibrating or verifying the sampler’s flow 
rate measurement device with an accuracy of 12 
percent. The flow rare standard shall be a separate, 
stand-alone device designed to connect to the flow 
rate measurement adapter, Figure L-30 of this 
appendix. This flow rate standard must have its 
own certification and be traceable to a National 
Institute of Standards and Technology (NET) 
primary standard for volume or flow rate. If 
adjustments to the sampler’s flow rate measurement 
system calibration are to be made in conjunction 
with an audit of the sampler’s flow measurement 
system. such adjustments shall be made following 
the audn Reference 2 in section 13.0 of this 
appendix contains additional guidance. 

9. I .3 The sampler’s flow rate measurement 
device shall bc re-calibrared after electromechanical 
mamtenancc or transport of the sampler. 

9.1 Fhm rote calibration/verifica:ion procedure. 
9.2 I PM: 5 samplers may employ various types 

of flow conrrol and flow measurement devices. The 
spcclfic prccdurc used for calibration or 
vmf~w:m~ of the ilow rare measurement device 
will vnc Jcpcndmg on rhe type of flow rate 
conrrollcr and flou talc measurement employed. 
Cahhnmm &II bc m ~crms of actual ambient 
volumn~ flou rates (p). measured at the 
sarnpk:‘* mlcx dowmube. The generic procedure 
gncn hx unt‘\ to rllusnate the general sreps 
:n~t~l~ri. rn OX calh-auon of a PM2.s sampler. The 
um;lk ~~ra:rm mstruction manual required 
undc~ \c.:w% - 4 I h of this appendix and the 
CJU:I:\ +rwrr~c Handbook in reference 2 in 
SCL:XX : : (8 (79 !hn appendix provide more specific 
and itr~1:r~ pu&ncc for calibration. 

U 2 : 1 ?K fi.+r ran standard used for flow rate 
cal:bra!~x: \hr:i hart as own certification and be 
~T;I.CII!YC ta* o X1\7 prunary standard for volume 
01 li(*~ rzc 4 oalrhntlon relationship for the flow 
talc \rurtzr.! c F an cquarion, curve, or family of 
cunc* rr~rng rind flow rate (Q.) to the flow rate 

mdriam rctizn~. shall be established that is 
wcuratc trr x ehm 2 percent over the expected 
ran~r o! amh~-ru tcmpzrarures and pressures at 
which the non rate standard may be used. The flow 
rate standard must bc rc-calibrated or re-verified at 
least annually. 

9.2.3 The sampler flow rate measurement device 
shall be calibrated or verified by removing the 
sampler inlet and connecting the flow rate standard 
fo the sampler’s downrube in accordance with the 
operarion/insrmction manual, such that the flow 
rate standard accurately measures the sampler’s 
flow mte. The sampler operator shall first carry out 
a sampler leak check and confirm that the sampler 
passes the leak test and then verify that no leaks 
exist between the flow mfe standard and the 
sampler. 

9.2.4 The calibration relationship between the 
flow rare (in actual Urnin) indicated by the flow 
rate standard and by the sampler’s flow rate 
measurement device shall be established or verified 
in accordance with the sampler operation/ 
instruction manual. Temperature and pressure 
corrections to the flow rate indicated by the flow 
rate standard may be required for certain types of 
flow rate standards. Calibration of the sampler’s 
flow rate measurement device shall consist of at 
least three separate flow rate measurements 
(multipoint calibration) evenly spaced within the 
range of - 10 percent to + 10 percent of the 
sampler’s operaIiona1 flow rate, section 7.4.1 of this 

appendix. Verification of the sampler’s flow mfe 
shall consist of one flow rate measurement at the 
sampler’s operational flow rate. The sampler 
opemtioniinstruction manual and reference 2 in 
section 13.0 of this appendix provide additional 
guidance. 

9.2.5 If during a flow rate verification the 
reading of the sampler’s flow rate indicator or 
measurement device differs by zt2 percent or more 
from the flow rate measured by the flow rate 
standard, a new multipoint calibration shall be 
performed and the flow rate verification must then 
be repeated. 

9.2.6 Following the calibration or verification, 
the flow rate standard shall be removed from the 
sampler and the sampler inlet shall be reinstalled. 
Then the sampler’s normal operating flow rate (in 
Umin) shall be determined with a clean filter in 
place. If the flow rate indicated by the sampler 
differs by iz percent or more from the required 
sampler flow rate, the sampler flow rare must be 
adjusted fo the required flow rate, under section 
7.4.1 of this appendix. 

9.3 Periodic calibration or verification of the 
calibration of the sampler’s ambient temperature, 
filter temperature, and barometric pressure 
measurement systems is also required. Reference 3 
of section 13.0 of thii appendix contains additional 
guidance. 

10.0 PM25 Measumment Procedure The detailed 
procedure for obtaining valid PM2.5 measurements 
with each specific sampler designated as part of a 
reference method for PM2.s under part 53 of this 
chapter shall be provided in the sampler-specific 
operation or instmction manual required by section 
7.4.18 of this appendix. Supplemental guidance is 
provided in section 2.12 of the Qua& Assurance 
Handbook listed in reference 2 in section 13.0 of 
this appendix. The generic procedure given hem 
serves to illustrate the general steps involved in the 
PM2.s sample collection and me asuremenb using a 
PM2.5 reference method sampler. 

10.1 The sampler shall be set up, calibrated, and 
operated in accordance with the specific, detailed 
guidance provided in the specific sampler’s 
operation or instruction manual and in accordance 
with a specific quality assurance program 
developed and established by the user, based on 
applicable supplementary guidance providectin. 
reference 2 in section 13.0 of this appendix. 

10.2 Each new sample filter shall be inspected 
for correct type and size and for pinholes, particles, 
and other imperfections. Unacceptable filters 
should be discarded. A unique identification 
number shall be assigned to each filter, and an 
information record shall be established for each 
filter. If the filter identification number is not or 
cannot be marked directly on the filter, alternative 
means, such as a number-identified storage 
container, must be established to maintain positive 
filter identification. 

10.3 Each filter shall be conditioned in the 
conditioning environment in accordance with the 
requirements specified in section 8.2 of this 
appendix. 

IO.4 Following conditioning, each filter shall be 
weighed in accordance with the requirements 
specified in section 8.0 of this appendix and the 
presampling weight recorded with the filter 
identification number. 

10.5 A numbered and preweighed filler shall be 
installed in the sampler following the instructions 
provided in the sampler operation or instruction 
manual. 

10.6 The sampler shail be checked and prepared 
for sample collection in accordance with 



instructions provided in the sampler operation or 
instruction manual and with the specific quality 
assurance program established for the sampler by 
the user. 

10.7 The sampler’s timer shall be set to start the 
sample collection at the beginning of the desired 
sarrple period and stop the sample collection 24 
hours later. 

10.8 Information related to the sample collecrion 
(site location or identification number, sample date, 
filter identification number, and sampler model and 
serial number) shall be recorded and, if appropriate, 
entered into the sampler. 

10.9 The sampler shall be allowed to collect the 
PM2.s sample during fhe set 24-hour time period. 

10.10 Within 96 hours of the end of the sample 
collection period, the filter, while still contained in 
the filter cassette, shall be carefully removed from 
the sampler, following the procedure provided in 
the sampler operation or instruction manual and the 
quality assurance program, and placed in a 
protective container. This protective container shall 
be made of metal and contain no loose material that 
could be transferred to tie filter. The protectivr 
container shall hold the filter cassette securely such 
that the cover shall not come in contact with the 
filter’s surfaces. Reference 2 in section 13.0 of this 
appendix conrains additional information. 

10.11 The total sample volume in actual m3 for 
the sampling period and the elapsed sample time 
shall be obtained from the sampler and recorded 
in accordance with the ins+~~ctions provided in the 
sampler operation or instruction manual. All 
sampler warning flag indications and other 
information required by the local quality assurance 
program shall also be recorded. 

10.12 All factors related to the validity or 
reptiientativeness of the sample, such as samiler 
tampering or malfunctions, unusual meteorological 
conditions, construction activity, fires or dust 
storms, etc. shall be recorded as required by.the 
local quality assurance progmm. The occurrence of 
a flag warning during a sample period shall not 

12.1 (a) The PM2.5 concentration is calculated 
ZIS: 

PM2.s = (Wf--Wi)fV, 
where: 
PM2.s = mass concentmridn ofPMz.5, pg/m3; 
Wf, Wi = final and initial weights, respectively, 

of the filter used to collect the PM2.s particle 
sample, i.4; 

V, = total air volume sampled in acmal volume 
units, as provided by the sampler, m3. 

(b) Note: Total sample time must be between 
1,380 and 1,500 minutes (23 and 25 hrs) for a fully 
valid PM2.s sample; however, see also section 3.3 
of this appendix. 
13 .O References. 

1. Quality Assurance Handbook for Air Pollution 
Measurement Systems, Volume I, Principles. EPAi 
600/R-94/038a, April 1994. Available from CERI, 
ORD Publications, U.S. Environmental Protection 
Agency, 26 West Martin Luther King Drive, 
Cincinnati, Ohio 45268. 

2. Copies of secton 2.12 of the Quality 
.Assuraace Handbook for Air Pollution 
Measurement Systems, Volume II, Ambient Air 
Specific Methods, EP/J600iR-94/038b, are 
available from Department E (MD-77B), U.S. EPA, 
Research Triangle Park, NC 27711. 

3. Quality Assurance Handbook for Air Pollution 
Measurement Systems, Volume IV: Meteorological 
Measurements, (Revised Edition) EPA/600/R-W 
038d, March, 1995. Available from CERI, ORD 
Publications, U.S. Environmental Protection 
Agency, 26 West Martin Luther King Drive, 
Cincinnati, Ohio 45268. 

4. Military standard specification (mil. spec.) 
8625F, Type II, Class 1 as Iisted in Department of 
Defer&Inde~ of Specificatiofis and Standards 
(DODISS), available from DODSSP-Customer 
Service, Standardization Documents Order Desk, 
700 Robbins Avenue, Building 4D, Philadelphia, 
PA 191 t-5094. 
14.0 Figures L-l through L-30 to Appendix L. 
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necessarily indicate an invalid sample but rather 
shall indicate the need.for specific review of the 
QC data by a quality assurance officerro determine 
sample validity. 

10.13 After retrieval from the sampler, the 
exposed filter containing the P&s sample should 
be transported to the filter conditioning 
environment as soon as possible ideally to arrive 
at the conditioning environment within 24 hours for 
conditioning and subsequent weighing. During the 
period between filter retrieval from the sampler and 
the start of the conditioning. the filter shall be 
maintained as cool as practical and continuously 
protected from exposure. to temperatures over 25 
“C. See section 8.3.6 ofthis appendix regarding 
time limits for completing the post-sampling 
weighing. See reference 2 in section 13.0 of this 
appendix for additional guidance on transporting 
filter samplers to the conditioning and weighing 
laboratov. 

10.14. The exposed filter containing the PM2.s 
sample shall be re-conditioned in the conditioning 
enGvnment in accordance with the requirements 
specified in section 8.2 of this appendix. 

10.15. The filter shall be reweighed immediately 
after conditioning in accordance with the 
requirements specified in section 8.0 of this 
appendix, and the postsampling weight shall be 
recorded with the filter identification number. 

10.16 The PM2.s concentration shall be 
calculated as specified in section 12.0 of this 
appendix. 
11 .O Sampler Maintenance 

The sampler shall be maintained as described by 
the sampler’s manufacturer in the sampler-specific 
operation or instruction manual required under 
section 7.4.18 of this-appendix and in accordance 
with the specific quality assnrance program 
developed and established by the user based on 
applicable supplementary guidance provided in 
reference 2 in section 13.0 of this appendix. 
12.0 Calculations 
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FIGURE L- I_ PM2.5 SAMPLER, .+SSEMBLY - 

AlTACH WATER COLLECTOR HARDWARE 

(FOR EXAMPLE: I/4- NPT GLASS JAR 
BRASS. LONG NIPPLE, I/4” MNPT X 2” LONG 
BRASS. BUSHING. 114” FNPTX 318” MNPT 
BRASS, PLUG, 114” MNPT) 

DO-ITED LlNE INDICATES , 
TOP OF SAMPLER CASE \ 

a- 
TOLERANCES 

2m.c.s 3Ftcs FPAc.c. ANGLE ALL DIMENSIONS ARE INCHES 

+/- 0.010 +/- 0.005 +I- 1164 +I- 1s 
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The accuracy of flow rate meters shall be 
verified at the highest and lowest. pressures 
and temperatures used in the tests and shall 
be checked at zero and at least one flow rate 
within +3 percent of 16.7 Limin within 7 days 
prior to use for this test. Where an 
instrument’s measurements are to be recorded 
with an analog recording device, the accuracy 
of the entire instrument-recorder system shall 
be calibrated or verified. 

(e) Test sefup. (I) The candidate test 
sampler shall have its inlet and impactor or 
impactors removed; The lower end of the 
down tube shall be reconnected to the filter 
holder, using an extension of the downtube, 
if necessary. If  the candidate sampler has a 
separate impactor for each channel, then for 
this test, the filter holder assemblies must be 
connected to the physical location on the 
sampler where the impactors would normally 
con?ect. 

(2) The test particle delivery system shall 
be connected to the sampler downtube so that 
the test aerosol is introduced at the top of the 
downtube. 

(f) Test procedure. ( 1) All surfaces of the 
added or modified component or components 
which come in contact with the aerosol flow 

shall be thoroughly washed with 0.01 N 
NaOH and then dried. 

(2) Generate’aerosol. (i) Generate aerosol 
cornposed of oleic acid with a uranine 
fluorometric tag of 3 f  0.25 pm aerodynamic 
diameter using a vibrating orifice aerosol 
generator according to conventions specified 
m $53.61(g). 

(ii) Check for the presence of satellites and 
adjust the generator to minimize their 
production. 

(iii) Calculate the aerodynamic particle size 
using the operating parameters of the 
vibrating orifice aerosol generator. The 
calculated aerodynamic diameter must be 3 + 
0.25 pm aerodynamic diameter. 

(3) Verify the particle size according to 
procedures specified in Q 53.62(d)(4)(i). 

(4) Collect particles on filters for a time 
period such that the relative error of the 
resulting measured fluorometric concentration 
for the active filter is less than 5 percent. 

(5) Determine the quantity of material 
collected on the active filter using a calibrated 
fluorometer. Record the mass of fluorometric 
material for the active filter as Mactivc (ij 
where i = the active channel number. 

(6) Determine the quantity of material 
collected on each no-flow filter using a 
calibrated fluoromdter. Record the mass of 
fluorometric material on each no-flow filter 
as Mno-nQw. 

(7) Using 0.01 N NaOH, wash the surfaces 
of the added component or components which 
contact the aerosol flow. Determine the 
quantity of material collected using a 
calibrated fluorometer. Record the mass of 
fluorometric material collected in the wash as 
M wash. 

(8) Calculate the aerosol transport as: 

&potion 29 

where: 
i = the active channel number. 

(9) Repeat paragraphs (fj( i j through (S j of 
this section for each channel, making each 
channel in turn the exclusive active channel. 

(g) Test results. The candidate Class I 
sampler passes the aerosol transport test ifT(;, 
is at least 97 percent for each channel. 

Tables to Subpart E of Part 53 

Table E-l .-Summary of Test Requirements for Reference and Class I Equivalent Methods for PM2,5 

Subpart E Procedure 

9 53.52 Sampler leak check 
test 

0 53.53 Base flow rate test 

§ 53.54 Power interruption 
test 

9 53.55 Temperature and line 
voltage effect test 

Performance Test 

Sampler leak check facility 

Sample flow rate: 
I. Mean 
2. Regulation 
3. Meas. accuracy 
4. CV accuracy 
5. cut-off 

Sample flow rate: 
1. Mean 
2. Regulation 
3. Meas. accuracy 
4. CV accuracy 
5. Occurrence time of power 

interruptions 
6. Elapsed sample time 
7. Sample volume 

Sample flow rate: 
1. Mean 
2. Regulation 
3. Meas. accuracy 
4. CV accuracy 
5. Temperature meas. accu- 

racy 
6. Proper operation 

Performance Specification 

External leakage: 80 mUmin. 
max 

Internal leakage: 80 mUmin. 
max 

1. 16.67 * 5% 
2. 2%, max ’ 

Umin 

3. 2%. max 
4. 0.3%. max 
5. Flow rate cut-off if flow rate 

deviates more than 10% 
from design flow rate for 
Xi0*30seconds 

1. 16.67 * 5% ’ Umin 
2. 2%. max 
3.2%, max 
4. 0.3%. max 
5. *2 min if >60 seconds 
6. *20 seconds 
7. *2%. max 

1. 16.67 * 5%, Umin 
2. 2 %, max 
3. 2 %, max 
4. 0.3 %. max 
5.2 “C 

Test Conditions 

Controlled leak flow rate of 80 
mUmin 

(a) 6-hour normal operational 
test plus flow rate cut-off 
test 

(b) Nominal conditions 
(c) Additional 55 mm Hg 

pressure drop to simulate 
loaded filter 

(d) Variable flow restriction 
used for cut-off test 

(a) 6-hour normal operational 
test 

(b) Nominal conditions 
(c) Additional 55 mm Hg 

pressure drop to simulate 
‘loaded filter 

(d) 6 power interruptions of 
various durations 

(a) 6-hour normal operational 
test 

(b) Nominal conditions 
(c) Additional 55 mm Hg 

pressure drop to simulate 
loaded filter 

(d) Ambient temperature at 
-20 and ~40 “C 

(e) Line voltage: 105 Vat to 
125 Vat 

Part 50, Ap 
pendix L Ref- 

erence 

Sec. 7.4.6 

Sec. 7.4.1 
Sec. 7.4.2 
Sec. 7.4.3 
Sec. 7.4.4 
Sec. 7.4.5 

Sec. 7.4.1 
Sec. 7.4.2 
Sec. 7.4.3 
Sec. 7.4.5 
Sec. 7.4.12 
Sec. 7.4.13 
Sec. 7.4.15.4 
Sec. 7.4.15.5 

Sec. 7.4.1 
Sec. 7.4.2 
Sec. 7.4.3 
Sec. 7.4.5 
Sec. 7.4.8 
Sec. 7.4.15.1 

.i.. 
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Table E-l .-Summary of Test Requirements for Reference and Class I Equivalent Methods for PM2.5-Continued 

Subpart E Procedure 

5 53.56 Barometric pressure 
effect test 

g53.57 Filter temperature 
control test 

§ 53.58 Field precision test 

Performance Test 

Sample flow rate: 
1. Mean 
2. Regulation 
3. Meas. accuracy 
4. CV accuracy 
5. Pressure meas. accuracy 
6. Proper operation 

1. 16.67 * 5%. Umin 
2. 2%. max 
3. 2%. max 
4. 0.3%. max 
5.10 mm Hg 

I. Filter temp meas. accuracy 
2. Ambient temp. meas. accu- 

racy 

1.2”C 
2.2 “C 

3. Filter temp control accu- 
racy, sampling and non- 
sampling 

3. Not more than 5 “C above 
ambient temp. for more 
than 30 min 

1. Measurement precision 1. Pj C2 pglm3 for cont. (40 
2. Storage deposition test for pg/m3 (24-hr) or -=30 pg/mx 

sequential samplers (48-hr); or 

Performance Specification 

RPj < 5% for cont. a40 pgl 
m3 (24-hr) or >30 pglm3 
(48-hr) 

2. 50 pg. max weight gain 

Test Conditions 

(a) 6hour normal operational 
test 

(b) Nominal conditions 
(c) Additional 55 mm Hg 

pressure drop to simulate 
loaded filter 

(d) Barometric pressure at 
600 and 800 mm Hg. 

(a) Chour simulated solar ra- 
diation, sampling 

(b) 4-hour simulated solar ra- 
diation, non-sampling 

(c) Solar fiux of 1000 W/m2 

(a) 3 collocated samplers at 1 
site for at least IO days 

(b) PMZ.5 conc.<lO pg/m3 
(c) 24- or 48-hour samples 
(d) 5 or IO-day storage pe- 

riod for inactive stored fil- 
ters 

The Following Requirement is Applicable to Candidate Equivalent Methods Only 

Part 50, Ap- 
pendix L Ref- 

erence 

Sec. 7.4.1 
Sec. 7.4.2 
sec. 7.4.3 
Sec. 7.4.5 
Sec. 7.4.9 

Sec. 7.4.8 
Sec. 7.4.10 
Sec. 7.4.11 

Sec. 5.1 
Sec. 7.3.5 
Sec. 8 
Sec. 9 
Sec. 10 

553.59 Aerosol transport test Aerosol transport 97%. min, for all channels Determine aerosol transport 
through any new or modi- 
fied components with re- 
spect to the reference 
method sampler before the 
filter for each channel. 

TABLE E-2.-SPECTRAL ENERGY DISTRIBUTION AND PERMIITED TOLERANCE FOR CONDUCTING RADIATIVE TESTS 

Chacteristic 
Ultraviolet 

Spectral Region 

Visible 

._ 

Infrared 

Bandwidth (pm) 
Irradiance (W/mz) 
Allowed Tolerance 

0.28 to 0.32 10.32 to 0.40 0.40 to 0.78 0.78 to 3.00 
5 56 450 to 550 439 
22 35% 2+ 25% 2k 10% 2+ 10% 
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Figures to Subpart E of Part 53 

Figure E-l .-Qesigriation Testing Checklist 
DESlGNATlON TESTING CHECKLIST 

Auditee Auditor signature Date 

Compliance Status: Y = Yes N = No NA = Not applicable/Not available I 

Verification Verified by Direct Observation of Process or of Verification Comments (Includes documentation of 

Documented Evidence: Performance, Design or 
who, what, where, when, why) (Dot. #. Rev. #, 

Application Spec. Corresponding to Sections of 40 Rev. Date) 

Y N NA CFR Part 53 or 40 CFR Part 50, Appendix L 

Performance Specification Tests 
Sample flow rate coefficient of variation (553.53) 

(L 7.4.3) 

!  I I 7.4.10) 
Filter temperature control (sampling) (5 53.57) (L 

I I I Elapsed sample time accuracy (5 53.54) (L 7.4.13) 

Filter temperature control (post sampling) (§ 53.57) 1 
(L 7.4.10) 

I I I Application Specification Tests 1 

I I I Field Precision (§53.58) (L 5.1) 

Meets all Appendix L requirements (part 53. sub- 

1 1 / §53.51(a),W) part A. $53.2(a)(3)) (part 53. subpart E. 1 
Filter Weighing (L-6) 

field Sampling Procedure ($53.30. .31. 34) 

Design Specification Tests 

) Filter ( L-6) 

I I I Range of Operational Conditions (L-7.4.7) I 

The Following Requirements Apply Only to Class I Candidate Equivalent Methods 

Aerosol Transport (§ 53.59) 
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Figure E-2-Procjuct Manufacturing Checklist - 
PRODUCT MANUFACTURING CiHEtKLIST 

Auditee Auditor signature Date 

Compliance Status: Y = Yes N = No NA = Not applicable/Not available 

1 Verified by Dir ect Observation of Process or of 

Y N NA CFR Part 53 or 40 CFR Part 50, Appendix L 

:omments (Includes documentation of 
-L--- ---hen. why) (Dot. #, Rev. #. l-.-L-\ 

Performance Specification Tests 

Assembled operational performance (Bum-in 
test) (8 53.53) 

Sample ftow rate (5 53.53) (L 7.4.1, L 7.42) 

Sample flow rate regulation (553.53) (L 7.4.3) 

Flow rate and average flow rate measurement 
accuracy (5 53.53) (L 7.45) 

Ambient air temperature measurement accuracy 
(5 53.55) (L 7.4.8) I 

/ ( 1 curacy (g53.56) (L 7.4.9) 
Ambient barometric pressure measurement ac- 

t I I Sample flow rate cut-off (9 53.53) (L 7.4.4) I 

I I I Sampler leak check facility (g53.52) (L 7.4.6) 

Application Specification Tests 

Flow rate calibration transfer standard (L-9.2) 

Operational /Instructional manual (L-7.4.18) 

I I I Design Specification Tests I 
I 1, I lmpactor (jet width) (553.51(d)(l)) (L-7.3.4.1) 

Surface finish (3 53.51( d)(2)) (L-7.3.7) 
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Appendix A to Subpart E of Part 53- 
References 

(1) Quality systems--Model for quality assurance 
in design, development, production, installation and 
servicing, IS0 900 1. July 1994. Available from 
American Society for Quality Control, 611 East 
Wisconsin Avenue, Milwaukee, WI 53202. 

(2) American National Standard--Specifications 
and Guidelines for Quality Systems for 
Environmental DataColldctibn and Environmental 
Technology Programs. ANSVASQC E4-1994. 
January 1995. Available from American Society for 
Quality Control, 611 East Wisconsin Avenue, 
Milwaukee, WI 53202- 

(3) Copies of section 2.12 of the Quality 
Assurance Handbook for Air Pollution 
Measurement Svstems, Volume II. Ambient Air 
Specific Methods, EPA/600/R-94/b38b, are 
available from Department E @ID-77B), U.S. EPA. 
Research Triangle-Park, NC 277 Il. . 

(4) Military standard specification (mil. spec.) 
8625F. Twe II. Class 1 as listed in Deoartment of _. 
Defense Index bf Specifications and S&ndards 
(DODISS), available from DODSSP-Customer 
Service, Standardization Documents Order Desk, 
700 Robbins Avenue, Building 4D, Wiladelphia, 
PA 1911-5094. 

(S) Quality Assurance Handbook for Air 
Pollution Measurement Systems, Volume IV: 
Meteorological Measurements. Revised March, 
1995. EPA-600/R-94-038d. Available from U.S. 
EPA. ORD Publications Office. Center for 
Environmental Research Infor&ation (CERI), 26 
West Martin Luther King Drive, Cincinnati, Ohio 
45268-1072 (513-569-7562). 

(6) Military standard specification (mil. 
spec.) 810-E as listed in Department of 
Defense Index of Specifications and 
Standards (DODISS), available from 
DODSSP-Customer Service, Standardization 
Documents Order Desk, 700 Robbins 
Avenue, Building 4D, Philadelphia, PA 191 l- 
5094. 

e. Subpart F is added to read as follows: 

Subpart F-Procedures for Testing 
Performance Characteristics of Class II 
Equivalent Methods for PM2.5 

53.60 General provisions. 
53.61 Test conditions for PM1.s reference method 
equivalency. 
53.62 Test procedure: Full wind tunnel test. 
53.63 Test procedure: Wind tunnel inlet 
aspiration test. 
53.64 Test procedure: Static fractionator test. 
53.65 Test procedure: Loading test. 
53.66 Test procedure: Volatility test. 

Tables to Subpart F of Part 53 

Table F-l-Performance Specifications for PM2.s 
Class II Equivalent Samplers 
Table F-2-Particle Sizes and Wind Speeds for 
Full Wind Tunnel Test, Wind Tunnel Inlet 
Aspiration Test, and Static Chamber Test 
Table F-)-Critical Parameters of Idealized 
Ambient Particle Size Distributions 
Table F&Estimated Mass Concentration 
Measurement of PM2.5 for Idealized Coarse 
Aerosol Size Distribution 
Table F-S-Estimated Mass Concentration 
Measurement of PM2.s for Idealized “Typical” 
Coarse Aerosol Size Distribution 
Table F-6 Estimated Mass Concentration 
Measurement of PM2.5 for Idealized Fine Aerosol 
Size Distribution 

Figures to Subpart F of Part 53 

Figure F-l-Designation Testing Checklist 

Appendix A to Subpart F of Part 53- 
References 

Subpart F-Procedures for Testing 
Performance Characteristics of Class IS 
Equivalent Methods for PM2.5 

5 53.60 General provisions. 

(a) This subpart sets forth the specific 
requirements that a PM2.5 sampler associated 
with a candidate Class II equivalent method 
must meet to be designated as an equivalent 
method for PM2.5. This subpart also sets forth 
the explicit test procedures that must be 
carried out and the test results, evidence, 
documentadon, and other materials that must 
be provided to EPA to demonstrate that a 
sampler meets all specified requirements for 
designation as an equivaleat method. 

(b) A candidate method described in an 
application for a reference or equivalent 
method application submitted under Q 53.4 
shall be determined by the EPA to be a Class 
II candidate equivalent method on the basis 
of the definition of a Class II equivalent 
method given in 0 53.1. 

Ic1 Anv samnler associated with a Class II 
c&iidate equivalent method (Class II 
sampler) must meet all requirements for 
reference method samplers and Class I 
equivalent method samplers specified in 
subpart E of this part. as appropriate. In 
addition, a Class II sampler must meet the 
additional requirements as specified in 
paragraph (d) of this section. 

(d) Except as provided in paragraphs 
!d)( I), (2), and (3) of this section. all Class 
II samplers are subject to the additional tests 
and performance requirements specified in 
5 53.62 (full wind tunnel test). 5 53.65 
(loading test), and 5 53.66 (volatility test). 
A!temative tests and performance 
requirements, as described in paragraphs 
(d)(l), (2), and (3) of this section, are 
optionally available for certain Class PI 
samplers which meet the requirements for 
reference method or Class I samplers given 
in 40 CFR part 50, Appendix L, and in 
subpart E of this part, except for specific 
deviations of the inlet, fractionator, or filter. 

(1) Inlef deviation. A sampler which has 
been determined to be a Class II sampler 
solely because the design or construction of 
its inlet deviates from the design or 
construction of the inlet specified in 40 CFR 
part 50, Appendix L, for reference method 
samplers shall not be subject to the 
requirements of $53.62 (full wind tunnel 
test), provided that it meets all requirements 
of 5 53.63 (wind tunnel inlet aspiration test), 
$53.65 (loading test), and 9 53.66 (volatility 
test). 

(2) Fractionator deviation. A sampler 
which has been determined to be a Class II 
sampler solely because the design or 
construction of its particle size fractionator 
deviates from the design or construction of 

the particle size fractionator specified in 40 
CFR part 50, Appendix L for reference 
method samplers shall not be ‘subject to the 
requirements of 5 53.62 (full wind tunnel 
test), provided that it meets all requirements 
of 5 53.64 (static fractionator test), 5 53.65 
(loading test), and 5 53.66 (volatility test). 

(3) Filter size deviation. A sampler which 
has been determined to be a Class II sampler 
solely because its effective filtration area 
deviates from that of the reference method 
filter specified in 40 CFR part 50, Appendix 
L, for reference method samplers shall not be 
subject to the requirements of Q 53.62 (full 
wind tunnel test) nor $53.65 (loading test), 
provided it meets all requirements of 5 53.66 
(volatility test). 

(e) The test specifications and acceptance 
criteria for each test are summarized in Table 
F-l ofthis subpart. The candidate sampler 
must demonstrate performance that meets the 
acceptance criteria for each applicable test to 
be designated as an equivalent method. 

(f) Overview of various test proceduresJor 
Class II samplers+ 1) Full wind tunnel test. 
This test procedure is designed to ensure that 
the candidate sampler’s effectiveness 
(aspiration of an ambient aerosol and 
penetration of the sub 2.5-micron fraction to 
its sample filter) will be comparable to that 
of a reference method sampler. The candidate 
sampler is challenged at wind speeds of 2 and 
24 km&r with monodisperse aerosols of the 
size specified in Table F-2 of this subparr. 
The experimental test results are then 
integrated with three idealized ambient 
distributions (typical, fine, and coarse) to 
yield the expected mass concentration 
measurement for each. The acceptance 
criteria are based on the results of this 
numerical analysis and the particle diameter 
for which the sampler effectiveness is 50 
percent. 

(2) !Virzd txP;ne! inlet aspiration test. The 
wind tunnel inlet aspiration test directly 
compares the inlet of the candidate sampler 
to the inlet of a reference method sampler 
with the single-sized, liquid, monodisperse 
challenge aerosol specified in Table F-2 of 
this subpart at wind speeds of 2 krn/hr and 
24 km/hr. The acceptance criteria, presented 
in Table F-l of this subpart, is based on the 
relative aspiration between the candidate inlet 
and the reference method inlet. 

(3) Staticfractionator test. The static 
fractionator test determines the effectiveness 
of the candidate sampler’s 2.5-micron 
fractionator under static conditions for 
aerosols of the size specified in Table F-2 of 
this subpart. The numerical analysis 
procedures and acceptance criteria are 
identical to those in the full wind tunnel test. 

(4) Loading test. The loading test is 
conducted to ensure that the performance of 
a candidate sampler is not significantly 
affected by the amount of particulate 
deposited on its interior surfaces between 
periodic cleanings. The candidate sampler is 
artificially loaded by sampling a test 
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(c) Each PM2.s station in the SLAMS 
network must be in operation in accordance 
with the minimum requirements of Appendix 
D of this part, be sited in accordance with the 
criteria in Appendix E of this part, and be 
located as described on the station’s AIRS 
site identification form, according to the 
following schedule: 

(1) Within 1 year after September 16, 
1997, at least one required core PM2.s 
SLAMS site in each MSA with population 
greater than 500,000, plus one site in each 
PAMS area, (plus at least two additional 
SLAMS sites per State) must be in operation. 

(2) Within 2 years after September 16, 
1997, all other required SLAMS, including all 
required core SLAMS, required regional 
background and regional transport SLAMS, 
continuous PM monitors in areas with greater 
than 1 million population, and all additional 
required PM2.5 SLAMS must be in operation. 

(3) Within 3 years after September 16, 
1997, all additional sites (e.g., sites classified 
as SLAMS/SPM to complete the mature 
network) must be in operation. 

g. Section 58.26 is amended by revising the 
section heading and the introductory text of 
paragraph (b), and adding paragraphs (d) and 
(e) to read as follows: 

5 58.26 Annual state air monitoring report. 
* * * * * 

(b) Then SLAMS annual data summary 
report must contain: 

;d) Fo: PM f  onito:ng azd data-( 1) The 
State shall submit a summary to the 
appropriate Regional Office (for SLAMS) or 
Administrator (through the Regional Office) 
(for NAMS) that details proposed changes to 
the PM Monitoring Network Description and 
to be in accordance with the annual network 
review requirements in 9 58.25. This shall 
discuss the existing PM networks, inc!udiag 
modifications to the number, size or 
boundaries of monitoring planning areas and 
optional community monitoring zones; 
number and location of PM10 and PM2.5 
SLAMS; number and location of core PM2.s 
SLAMS; alternative sampling frequencies 
proposed for PM2.5 SLAMS (including core 
PM2.5 SLAMS and PM2.5 NAMS), core 
PMz.5 SLAMS to be designated PM2.5 
NAMS; and PM10 and PM2.5 SLAMS to be 
designated PM10 and PM2.s NAMS 
respectively. 

(2) The State shall submit an annual 
summary to the appropriate Regional Office 
of all the ambient air quality monitoring PM 
data from all special purpose monitors that 
are described in the State’s PM monitoring 
network description and are intended for SIP 
purposes. These include those population- 
oriented SPMs that are eligible for 
comparison to the PM NAAQS. The State 
shall certify the data in accordance with 
paragraph (c) of this section. 

(e) The Annual State Air Monitoring 
Report shall be submitted to the Regional 

Administrator by July 1 or by an alternative 
annual date to be negotiated between’ the 
State And R’egidnal Administrator. The 
Region shall provide review and approval/ 
disapproval within 60 days. After 3 years 
following September 16, 1997, the schedule 
for submitting the required annual revised 
PM2.5 monitoring network description may be 
altered based on a new schedule determined 
by the Regional Administrator. States may 
submit an alternative PM monitoring network 
description in which it requests exemptions 
from specific required elements of the 
network design (e.g., required number of core 
sites, other SLAMS, sampling frequency, 
etc.). After 3 years following September 16, 
1997 or once a CMZ monitoring area has 
been determined to violate the NAAQS, then 
changes to an MPA monitoring network 
affecting the violating locations shall require 
public review and notification. 

h. Section 5S.30 is amended by revising the 
introductory text of paragraph (a) to read as 
follows: 

5 58.30 NAMS network establishment. 
(a) By January 1, 1980, with the exception 

of PM10 and PM2.5 samplers, which shall be 
by July I, 1998, the State shall: 

* * * * * 
i. In $58.3 1, paragraph (f, is revised to 

read as follows: 

§ 58.3j NAMS network description. 
* * 

ifl The monitoringbbjecive, spatial scale 
of representativeness, and for PM2.5, the 
monitoring planning area and community 
monitoring zone, as defined in Appendix D 
of this part. 

* * * * * 
j. In 3 58.34, the introductory text is revised 

to read as follows: 

5 58.34 NAYS neh.wxk completion. 
With the exception of PM10 samplers, 

which shall be by 1 year after September 16, 
1997, and PM2.5, which shall be by 3 years 
after September 16, 11997: 

* * * * * 

k. In 6 58.35, the first sentence of 
paragraph (b) is revised to read as follows: 

§ 58.35 NAMS data submittal. 

;b) Thz Stat:shall:eport*to the 
Administrator all ambient air quality data for 
SO2, CO, 01, N02, Pb, PMlo, and PM2.5, and 
information specified by the AIRS Users 
Guide (Volume II, Air Quality Data Coding, 
and Volume III, Air Quality Data Storage) to 
be coded into the AIRS-AQS format. * * 
* 

* * * * * 
I. Revise Appendix A of part 58 to read 

as follows: 

Appendix A-Quality Assurance 
Requirements for State and Local Air 
Monitoring Stations (SLAMS) 

1. General Information. 

1.1 This Appendix specifies the minimum 
quality assurance/quality control (QA/QC) 
requirements applicable to SLAMS air monitoring 
data submitted to EPA. State.and local agencies are 
encouraged to develop and maintain quality 
assurance programs more extensive than the 
required minimum. 

1.2 To assure the quality of data from air 
monitoring measurements, two distinct and 
important interrelated functions must be performed. 
One function is the control of the measurement 
process through broad quality assurance activities, 
such as establishing policies and procedures, 
developing data quality objectives, assigning roles 
and responsibilities, conducting oversight and 
reviews, and implementing corrective actions. The 
other function is the control of the measurement 
process through the implementation of specific 
quality control procedures, such as audits, 
calibrations, checks, replicates, routine self- 
aasessmenk, etc. In general, the greater the control 
of a given monitoring system, the better will be the 
resultin quality of the monitoring data. The resulk 
of quaiity assurance reviews and assessments 
indicate whether the control efforts are adequate or 
need to be improved. 

1.3 Documentation of all quality assurance and 
quality control efforts implemented during the data 
collection, analysis, and reporting phases is 
important to data users, who can then consider the 
impact of these control efforts on the data quality 
(see Refenmce I of this Appendix). Both 
qualitative and quantitative assessmenk of the 
effectiveness of these control efforts should identify 
those areas most likely to impact the data quality 
and to what extent. 

1.4, Periodic assessments of SLAMS da&quality 
are required to be reported to EPA. To provide 
national uniformity in this assessment and reporting 
of data quality for all SLAMS networks, specific 
assessment and reporting procedures are prescribed 
in detail in sections 3,4, and 5 of this Appendix. 
On the other hand, the selection and extent of the 
QA and QC activities used by a monitoring agency 
depend on a number of local factors such as the 
field and laboratory conditions, the objectives for 
monitoring, the level of the data quality needed, the 
expertise of assigned personnel, the cost of control 
procedures, pollutant concentration levels, etc. 
TherefOre, the qu~ity.system requirements, in 
section 2 of this Appendix, are specified in general 
terms to allow each State to develop a quality 
assurance program that is most efficient and 
effective for ik own circumstances while achieving 
the Ambient Air Quality Programs data quality 
objectives. 
2. Quality Sysiem Requiremenrr. 

2.1 Each State and local agency must develop 
a quality system (Reference 2 of this Appendix) to 
ensure that the monitoring results: 

(a) Meet a well-defined need, use, or purpose. 
@) Satisfy customers’ expectations. 
(c) Comply with applicable standards 

specifications. 
(d) Comply with statutory (and other) 

requirements of society. 
(e) Reflect consideration of cost and economics. 
(f) Implement a quality assurance program 

consisting of policies, procedures, specifications, 
standards, and documentation necessary to: 

(1) Provide data of adequate quality to meet 
monitoring objectives, and 

(2) Minimize loss of air quality data due to 
malfunctions or out-of-control conditions. This 
quality assurance program must be described in 
derail, suitably documented in accordance with 
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Agency requirements (Reference 4 of this 
Appendix), and approved by the appropriate. 
Regional Administrator, or the Regional 
Adminisrrator’s designee. The Quality Assurance 
Pro-marn will be reviewed during the systems audits 
described in section 2.5 of this Appendix. 

2.2 Primary requirements and guidance 
documents for developing the quality assurance 
program are contained in References 2 through 7 
of this Appendix, which also contain many 
suggested and required procedures, checks, and 
control specifications. Reference 7 of this 
Appendix describes specific guidance for the 
development of a QA Progmrn for SLAMS. Many 
specific quality control checks and specifications 
for methods are included in the respective reference 
methods described in part 50 of this chapter or in 
the respective equivalent method descriptions 
available from EPA (Reference 8 of this 
Appendix). Similarly, quality control procedures 
related to specifically designated reference and 
equivalent method analyzers are contained in the 
respective operation or instruction manuals 
associated with those analyzers. Qualiry assurance 
guidance for meteorological systems at PAMS is 
contained in Reference 9 of this Appendix. Quality 
assurance procedures for VOC, NOx (including NO 
and NOa), 0s. and carbonyl measurements at 
PAMS must be consistent with Reference 15 of this 
Appendix. Reference 4 of this Appendix includes 
requirements for the development of quality 
assurance project plans, and quality assurance and 
control programs, and systems audits demonstrating 
attainment of the requirements. 

2.3 Pollutant Concentration and Flow Rate 
Standards. 

2.3.1 Gaseous pollutant concentration standards 
(permeation devices or cylinders of compressed 
gas) used to obtain test concentrations for CO, SOz, 
NO. and NOs must be traceable to either a National 
Institute of Standards and Technology (NIST) 
NIST-Traceable Reference Material @ITRM) or a 
NIST-certified Gas Manufacturer’s Internal 
Standard (GMIS), certified in accordance with one 
of the procedures given in Reference 10 of this 
Appendix. 

2.3.2 Test concentrations for 0s must be 
obtained in accordance with the UV photometric 
calibration procedure specified in 40 CFR part 50, 
Appendix D, or by means of a certified ozone 
transfer standard. Consult References 11 and 12 of 
this Appendix for guidance on primary and transfer 
standards for 0s. 

2.3.3 Flow rate measurements must be made by 
a flow measuring instrument that is traceable to an 
authoritative volume or other applicable standard. 
Guidance for certifying some types of flowmeters 
is provided in Reference 7 of this Appendix. 

2.4 National Performance Audit Program 
(NPAP). Agencies operating SLAMS are required 
to participate in EPA’s NPAP. These audits are 
described in Reference 7 of this Appendix. For 
further instructions, agencies should contact either 
the appropriate EPA Regional QA Coordinator at 
the appropriate EPA Regional Offtce location, or 
the NPAP Coordinator, Emissions Monitoring and 
Analysis Division (MD-14), U.S. Environmental 
Protection Agency, Research Triangle Park, NC 
27711. 

2.5 Systems Audit Programs. Systems audits of 
the ambient air monitoring programs of agencies 
operating SLAMS shall be conducted at least every 
3 years by the appropriate EPA Regional Offtce. 
Systems audit programs are described in Reference 
7 of this Appendix. For further instructions, 
agencies should contact either the appropriate EPA 

Regional QA Coordinator or the Systems Audit QA 
Coordinator, Office of Air Quality Planning and 
Standards, Emissions Monitoring and Analysis 
Division (MD-14), U.S. Environmental Protection 
Agency, Research Triangle Park, NC 27711. 
3. Dam -0uaiiy Assessment Requirements. 

3.0.1 All ambient monitoring methods or 
analyzers used in SLAMS shall be tested 
periodically, as described in this section, to 
quantitatively assess the quality of the SLAMS 
data. Measurement uncertainty is estimated for both 
automated and manual methods. Terminology 
associated with measurement uncertainty are found 
within this Appendix and includes: 

(a) Precision. A measurement of mutual 
agreement among individual measurements of the 
same propetty usually under prescribed similar 
conditions, expressed generally in terms of the 
standard deviation; 

(b) Accuracy. The degree of agreement between 
an observed value and an accepted reference value, 
accuracy includes a combination of random error 
(precision) and systematic error (bias) components 
which are due to sampling and analytical 
operations; 

(c) Bias. The systematic or persistent distortion 
of a measurement process which causes errors in 
one direction. The individual results of these tests 
for each method or analyzer shall be reported to 
EPA as specified in section 4 of this Appendix. 
EPA will then calculate quarterly assessments of 
measurement uncertainty applicable to the SLAMS 
data as described in section 5 of this Appendix. 
Data assessment results should be reported to EPA 
only for methods and analyzers approved for use 
in SLAMS monitoring under Appendix C of this 
Part. 

3.0.2 Estimates of the data quality will be 
calculated on the basis of single monitors and 
reporting organizations and may also be calculated 
for each region and for the entire Nation. A 
reporting organization is defined as a State, 
subordinate organization within a State, or other 
orga zation that is responsible for a set of stations 
that monitors the same pollutant and for which data 
quality assessments can be pooled. States must 
define one or more reporting organizations for each 
pollutant such that each monitoring station in the 
State SLAMS network is included in one, and only 
one, reporting organization. 

3.0.3 Each reporting organization shah be 
defined such that measurement uncertainty among 
all stations in the organization can be expected to 
be reasonably homogeneous, as a result of common 
factors. 

(a) Common factors that should be considered by 
States in defining reposing organizations include: 

(1) Operation by a common team of field 
operators. 

(2) Common calibration facilities. 
(3) Oversight by a common quality assurance . 

organization. 
(4) Support by a common laboratory or 

headquarters. 
(b) Where there is uncertainty in defining the 

reporting organizations or in assigning specific sites 
to reporting organizations, States shall consult with 
the appropriate EPA Regional Office. All 
definitions of reporting organizations shall be 
subject to final approval by the appropriate EPA 
Regional Office. 

3.0.4 Assessment results shall be reported as 
specified in section 4 of this Appendix. Table A- 
l of this Appendix provides a summary of the 
minimum data quality assessment requirements, 
which are described in more detail in the following 
sections. 

3.1 Precision of Automated Methods Excluding 
PMzs. 

3.1 ..I Methods for SOa, NOz, 0s and CO. A one- 
point precision check must be performed at least 
once every 2 weeks on each dutomated analyzer 
used to measure SO2, NO?, 0s and CO. The 
precision check is made by challenging the 
analyzer with a precision check gas of known 
concentration (effective concennation for open path 
analyzers) between 0.08 and 0.10 ppm for SOZ, 
NOs, and 0s analyzers, and between 8 and 10 ppm 
for CO analyzers. To check the precision of 
SLAMS analyzers operating on ranges higher than 
0 to 1 .O ppm SOs, NOa, and 03, or 0 to 100 ppm 
for CO, use precision check gases of appropriately 
higher concentration as approved by the appropriate 
Regional Administrator or their designee. However, 
the results of precision checks at concentration 
levels other than those specified above need not be 
reported to EPA. The standards from which 
precision check test concentrations are obtained 
must meet the specifications of section 2.3 of this 
Appendix. 

3.1.1. I Except for certain CO analyzers 
described below, point analyzers must opelate in 
their normal sampling mode during the precision 
check, and the test atmosphere must pass through 
all filters, scrubbers, conditioners and other 
components nsed during normal ambient sampling 
and as much of the ambient air inlet system as is 
practicable. If permitted by the associated operation 
or instruction manual, a CO point analyzer may be 
temporarily modified during the precision check to 
reduce vent or purge flows, or the test atmosphere 
may enter the analyzer at a point other than the 
normal sample inlet, provided that the analyzer’s 
response is not likely to be altered by these 
deviations from the normal operational mode. If a 
precision check is made in conjunction with a zero 
or span adjusnnent, it must be made prior to such 
zero or span adjustments. Randomization of the 
precision check with respect to time of day, day 
of week, and routine service and adjustments is 
encouraged where possible. 

3.1.1.2 Open path analyzers are tested by 
inserting a test cell containing a precision check gas 
concentration into the optical measurement beam of 
the instrument. If possible, the normally used 
transmitter, receiver, and as appropriate, reflecting 
devices should be used during the test, and the 
normal monitoring configuration of the instrument 
should be altered as little as possible to 
accommodate the test cell for the test. However, 
if permitted by the associated operation or 
instruction manual, an alternate local light source 
or an alternate optical path that does not include 
the normal atmospheric monitoring path may be 
used. The actual concentration of the precision 
check gas in the test cell must be selected to 
produce an effective concentration in the range 
speciIied in section 3.1.1. Generally, the precision 
test concentration measurement will be the sum of 
the atmospheric pollutant concentration and the 
precision test concentration. If so, the result must 
be corrected to remove the atmospheric’ 
concentration contribution. The corrected 
concentration is obtained by sub&voting the average 
of the atmospheric concentrations measured by the 
open path instrument under test immediately before 
and immediately after the precision check test from 
the precision test concentration measurement. If the 
difference between these before and after 
measurements is greater than 20 percent of the 
effective concentration of the test gas, discard the 
test result and repeat the test. If possible, open path 
analyzers should be tested during periods when the 
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atmospheric pollutant concentrations are relatively 
low and steady. 

3.1.1.3 Report the actual concentration (effective 
concentration for open path analyzers) of the 
precision check gas and the corresponding 
concentration measurement (corrected 
concentration, if applicable, for open path 
analyzers) indicated by the analyzer. The percent 
differences between these concentrations are used 
to assess the precision of the monitoring data as 
described in section 5.1. of this Appendix. 

3.1.2 Methods for Particulak Matter Excluding 
PM2.s. A one-point precision check must be 
performed at least once every 2 weeks on each 
automated analyzer used to measure PMlo. The 
precision check is made by checking the 
operarional flow rate of the analyzer. If a precision 
flow rate check is made in conjunction with a flow 
rate adjustment, it must be made prior to such flow 
rate adjushnent. Randomization of the precision 
check with respect to time of day, day of week, 
and routine service and adjustments is encouraged 
where possible. 

3. i 2. l Standard procedure: Use a rlow rate 
transfer standard certified in accordance with 
section 2.3.3 of this Appendix to check the 
analyzer’s normal flow rate. Care should be used 
in selecting and using the flow rate measurement 

device such that it does not alter the normal 
operating flow rat.& of the analyzer. Report the 
actual analyzer fidw rafe measured by the transfer 
standard and the corresponding flow rate measured, 
indicated. or assumed by rhe analyzer. 

3.1.2.2 Alternative procedure: 
3.1.2.2. I It is permissible to obtain the precision 

check flow rate data from the analyzer’s internal 
flow meter without the use of an external flow rate 
transfer standard, provided that: 

3.1.2.2.1.1 The flow meter is audited with an 
external flow rate transfer standard at least every 
6 months. 

3.1.2.2.1.2 Records of at least rhe three most 
recent flow audits of the instrument’s internal flow 
meter over at least several weeks confirm that the 
flow meter is siable, verifiable and accurate to 
?4%. 

3.1.2.2.1.3 The instrument and flow meter give 
no indication of improper operation. 

3.1.2.2.2 With suitable communication 
capability, the precision check may thus be carried 
out remotely. For this procedure, report the set- 
pomt flow rate as the actual flow rate along with 
the flow rate measured or indicated by the analyzer 
flow meter. 

3.1.2.2.3 For either procedure, the percent 
differences between the actual and indicated flow 

rates are used to asses the precision of the 
monitoring data as described in section 5.1 of this 
Appendix (usingflo@ rates in lieu of 
concentrations). The percent.differences between 
these concentrations are used to assess the precision 
of the monitoring data as described in section 5.1. 
of this Appendix. 

3.2 Accuracy of Automated Methods Excluding 
PM2.s. 

3.2.1 Methods for SO2, NO2, O:, or CO. 
3.2.1. I Each calendar quarter (during which 

analyzers are operated), audit at least 25 percent of 
the SLAMS analyzers that monitor for S&, NOz, 
OS, or CO such that each analyzer is audited at 
least once per year. If there are fewer than four 
analyzers for a pollutant within a reportmg 
organization, randomly reaudit one or more 
analyzers so that at least one analyzer for that 
pollutant is audited each calendar quarter. Where 
possible, EPA strongly encourages more frequent 
auditing, up to an audit frequency of once per 
quarter for each SLAMS analyzer. 

3.2. I .2 (a) The a&it is made by challenging the 
analyzer with at least one audit gas of known 
concentration (effective concentration for open path 
analyzers) from each of the following ranges 
applicable to the analyzer being audited: 

Audit Level 
Concentration Range, PPM 

sf&. 03 NO2 co 

1 . . . . . . . . . . . . . . . . . . . . . . . , . . . . . . . . . . . . . . . . . . . . . . . . . . . . , 0.03-0.08 0.03-0.08 3-a 
2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . , I.. . . . . . . . . . I.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0.15-0.20 0.15-0.20 15-20 
3 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ..................................... 0.3SO.45 0.35-0.45 35-45 
4 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ” .._..._._.__._..,,..,......................................................................... 0.80490 . . . . . . . . . . . ...” .,.... 80-90 

@) NO2 audit gas for chemiluminescence-type 
NO2 analyzers must also contain at least 0.08 ppm 
NO. 

3.2.1.3 NO concentrations substantially higher 
than 0.08 ppm, as may occur when using some gas 
phase titration (GPT) techniques, may lead to audit 
errors in chemiluminescence analyzers due to 
inevitable minor NO-NO, channel imbalance. Such 
errors may be atypical of routine monitoring errors 
to the extent that such NO concentrations exceed 
typical ambient NO concentrations at the site. 
These errors may be minimized by modifying the 
GPT technique to lower the NO concentrations 
remaining in the NO2 audit gas to levels closer to 
typical ambient NO concentrations at the site. 

3.2.1.4 To audit SLAMS analyzers operating on 
ranges higher than 0 to I .O ppm for SOZ, NOa, and 
03 or 0 to 100 ppm for CO, use audit gases of 
appropriately higher concentration as approved by 
the appropriate Regional Administrator or the 
Adminisirators’s designee. The results of audits at 
concentration levels other than those shown in the 
above table need not be reported to EPA. 

3.2.1.5 The standards from which audit gas test 
concentrations are obtained must meet the 
specifications of section 2.3 of this Appendix. The 
gas standards and equipment used for auditing must 
not be the same as the standards and equipment 
used for calibration or calibration span adjustments. 
The auditor should not be the operator or analyst 
who conducts the routine monitoring, calibration, 
and analysis. 

3.2. I .6 For point analyzers, the audit shall be 
carried out by allowing the analyzer to analyze the 
audit test atmosphere in its normal sampling mode 
such that the test atmosphere passes through all 
filters, scrubbers, conditioners, and other sample 

inlet components used during normal ambient 
sampling and as much of the ambient air inlet 
system as is practicable. The exception provided in 
section 3.1 of this Appendix for certai:l CO 
analyzers does not apply for audits. 

3.2.1.7 Open path analyzers are audited by 
inserting a test cell containing the various audit gas 
concentrations into the optical measurement beam 
of the insuument. If possible, the normally used 
transmitter, receiver, and, as appropriate, reflecting 
devices should be used during the audit, and the 
normal monitoring configuration of the instrument 
should be modified as little as possible fo 
accommodate the test cell for the audit. However, 
if permitted by the associated operation or 
instruction manual, an alternate local light source 
or an alternate optical path that does not include 
the normal atmospheric monitoring path may be 
used. The actual concentrations of the audit gas in 
the test cell must be selected to produce effective 
concentrations irrthe ranges specified in this 
section 3.2 of this Appendix. Generally, each audit 
concentration measurement result will be the sum 
of the atmospheric pollutant concentration and the 
audit test concentration. If so, the result must be 
corrected to remove the atmospheric concentration 
contribution. The corrected concentration is 
obtained by subtracting the average of the 
atmospheric concentitions measured by the open 
path instrument under test immediately before and 
immediately after the audit test (or preferably 
before and after each audit concentration level) 
from the audit concentration measurement. If the 
difference between the before and after 
measurements is greater than 20 percent of the 
effective concentration of the test gas standard, 
discard the test result for that concentration level 

and repeat the test for that level. If possible, open 
path analyzers should be audited during periods 
when the atmospheric pollutant concentrations are 
relatively low and steady. Also, the monitoring path 
length must be reverified to within rt3 percent to 
validate the audit, since the monitoring path length 
is critical to the determination of the effective 
concentration. 

3.2.!.8 Report bo*h tie actual concenntions 
(effective concentrations for open path analyzers) 
of the audit gases and the corresponding 
concentration measurements (corrected 
concentrations, if applicable, for open path 
analyzers) indicated or produced by the analyzer 
being tested. The percent differences between these 
concentrations are used to assess the accuracy of 
the monitoring data as described in section 5.2 of 
this Appendix. 

3.2.2 Methods for Particulate Matter Excluding 
PM25 

3.2.2.1 Each calendar quarter, audit the flow rate 
of at least 25 percent of the SLAMS PMlo 
analyzers such that each PIvllo analyzer is audited 
at least once per year. If there are fewer than four 
PMlo analyzers within a reporting organization, 
randomly reaudit one or more analyzers so that at 
least one analyzer is audited each calendar quarter. 
where possible, EPA strongly encourages more 
frequent auditing, up to an audit frequency of once 
per quarter for each SLAMS analyzer. 

3.2.2.2 The audit is made by measuring the 
analyzer’s normal operating flow rate, using a flow 
rate msfer standard certified in accordance with 
section 2.3.3 of this Appendix. The flow rate 
standard used for auditing must not be the same 
flow rate standard used to calibrate the analyzer. 
However, both the calibration standard and the 
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audit standard may be referenced to the same 
primary flow rate or volume standard. Great -care 
must be used in auditing the flow rate to be certain 
that the flow measurement device does not alter the 
normal operating flow rate of the analyzer. Report 
the audit (actual) flow rate and the corresponding 
flow rate indicated or assumed by the sampler. The 
percent differences between these flow rates are 
used to calculate accuracy (PMto) as described in 
section 5.2 of this Appendix. 

3.3 Precision of Manual Methods Excluding 
PMz.5. 

3.3.1 For each network of manual methods other 
than for PMzs, select one or more monitoring sites 
within the reporting organization for d!plicate, 
collocated sampling as follows: for 1 to 5 sites, 
select 1 site; for 6 to 20 sites, select 2 sites; and 
for over 20 sites, select 3 sites. Where possible, 
additional collocated sampling is encouraged. For 
purposes of precision assessment, networks for 
measuring TSP and PM,0 shall be considered 
sepamtely from one another. PMm and TSP sites 
having annual mean particulate matter 
concentrations among the highest 25 percent of the 
annual mean concentrations for all the sites in the 
network must be selected or, if such sites are 
impractical, alternative sites approved by the 
Regional Administiator may be selected. 

3.3.2 In determining the number of collocated 
sites required for PMIo, monitoring networks for 
lead should be treated independently from networks 
for particulate matter, even though the separate 
networks may share one or more common 
samplers. However, a single pair of samplers 
collocated at a common-sampler monitoring site 
that meets the requirements for both a collocated 
lead site and a collocated particulate matter site 
may serve as a collocated site for both networks. 

3.3.3 The two collocated samplers must be 
within 4 meters of each other, and particulate 
matter samplers must be at least 2 meters apart to 
preclude airflow interference. Calibration, 
sampling, and analysis must be the same for both 
collocated samplers and the same as for all other 
samplers in the network. 

3.3.4 For each pair of collocated samplers, 
designate one sampler as the primary sampler 
whose samples will be used to report air quality 
for the site, and designate the other as the duplicate 
sampler. Each duplicate sampler must be opetated 
concurrently with its associated routine sampler at 
least once per week. The operation schedule should 
be selected so that the sampling days are distributed 
evenly over the year and over the seven days of 
the week. A six-&y sampling schedule is required. 
Report the measurements from both samplers at 
each collocated sampling site. The calculations for 
evaluating precision between the two collocated 
samplers are described in section 5.3 of this 
Appendix. 

3.4 Accuracy of Manual Methods Excluding 
PM2.s. The accuracy of manual sampling methods 
is assessed by auditing a portion of the 
measurement process. 

3.4.1 Procedures for PMlo and TSP. 
3.4.1.1 Procedures for flow rate audits for PMIo. 

Each calendar quarter, audit the flow rate of at least 
25 percent of the PM10 samplers such that each 
PMlo sampler is audited at least once per year. If 
there are fewer than four PM,0 samplers within a 
reporting organization, randomly reaudit one or 
more samplers so that one sampler is audited each 
calendar quarter. Audit each sampler at its normal 
operating flow rate, using a flow rate transfer 
standard certified in accordance with section 2.3.3 
of this Appendix. The flow rate standard used for 

auditing must not be the same flow rate standard 
used to calibrate the sampler. However, both the 
calibration siandard and the audit standard may be 
referenced to the same primary flow rate standard. 
The flow audit should be scheduled so as to avoid 
interference with a scheduled sampling period. 
Report the audit (actual) flow rate and the 
corresponding flow rate indicated by the sampler’s 
normally used flow indicator. The percent 
differences between these flow rates are used to 
calculate accuracy and bias as described in section 
5.4.1 of this Appendix. 

3.4.1.2 Great care musf be used in auditing high- 
volume particulate matter samplers having flow 
regulators because the inimduction of resistance 
plates in the audit flow standard device can cause 
abnormal flow patterns at the point of flow sensing. 
For this reason, the flow audit standard should be 
used with a normal filter in place and without 
resistance plates in auditing flow-regulated high- 
volume samplers, or other steps should be taken to 
assure that flow patterns are not perturbed at the 
point of flow sensing. 

3.4.2 SO2 Methods. 
3.42.1 Prepare audit solutions from a working 

sulfite-tetrachloromercurate (KM) solution as 
described in section 10.2 of the SO2 Reference 
Method (40 CFR part 50, Appendix A). These audit 
samples must be prepared independently from the 
standardized sulfite solutions used in the routine 
calibration procedure. Sulfite-TCM audit samples 
must be stored between 0 and 5 “C and expire 30 
days after preparation. 

3.4.2.2 Prepare audit samples in each of the 
concentration ranges of 0.2-0.3,0.5&S, and O-S- 
0.9 pg SOz/ml. Analyze an audit sample in each 
of the three ranges at least once each day that 
samples are analyzed and at least twice per 
calendar quarter. Report the audit concentrations (in 
pg SOz/ml) and the corresponding indicated 
concentrations (in 1.18 SOJml). The percent 
differences between these concentrations are used 
to calculate ;curacy as described in section 5.4.2 
of this Appendix. 

3.4.3 NO2 Methods. Prepare audit solutions from 
a working sodium nitrite solution as described in 
the appropriate equivalent method (see Reference 
8 of this Appendix). These audit samples must be 
prepared independently from the standardized 
nitrite solutions used in the routine calibration 
procedure. Sodium nitrite audit samples expire in 
3 months after preparation. Prepare audit samples 
in each of the concentration ranges of 02-0.3,0.5- 
0.6, and 0.8-0.9 pg NOz/ml. Analyze an audit 
sample in each of the three ranges at least once 
each day that samples are analyzed and at least 
twice per calendar quarter. Report the audit 
concentrations (in pg NOziml) and the 
corresponding indicated concentrations (in &tg NOz/ 
ml). The percent differences between these 
concentrations are used to calculate accuracy as 
described in section 5.4.2 of this Appendix. 

3.4.4 Pb Methods. 
3.4.4.1 For the Pb Reference Method (40 CFR 

part 50, Appendix G), the flow rates of the high- 
volume Pb samplers shall be audited as part of the 
TSP network using the same procedures described 
in section 3.4.1 of this Appendix. For agencies 
operating both TSP and Pb networks, 25 percent 
of the total number of high-volume samplers are 
to be audited each quarter. 

3.4.4.2 Each calendar quarter, audit the Pb 
Reference Method analytical procedure using glass 
fiber filter ships containing a known quantity of Pb. 
These audit sample strips are prepared by 
depositing a Pb solution on unexposed glass fiber 

filter strips of dimensions 1.9 cm by 20.3 cm (31 
4 inch by 8 inch) and allowing them to dry 
thoroughly. The audit samples must be prepared 
using batches of reagents different from those used 
to calibrate the Pb analyticai equipment being 
audited. Prepare audit samples in the following 
concentration ranges: 

I I Equivalent Ambi- 

Range 
Pb Concentra- ent Pb Con- 
tion, W/Strip centration, pg/ 

,37 

1 . . . . . . 100-300 0.5-I .5 
2 . . . . . 600-I 000 3.0-5.0 

1 Equivalent ambient Pb concentration in 
pglm3 is based on sampling at 1.7 mVmin for 
24 hours on a 20.3 cmx25.4 cm (8 inchxl0 
inch) glass fiber filter. 

3.4.4.3 Audit samples must be extracted using 
the same extraction procedure used for exposed 
filters. 

3.4.4.4 Analyze three audit samples in each of 
the two ranges each quarter samples are analyzed. 
The audit sample analyses shall be distributed as 
much as possible over the entire calendar quarter. 
Report the audit concentrations (in pg Pb/strip) and 
the corresponding measured concentrations (in )lg 
Pb/ship) using unit code 77. The percent 
differences between the concentrations are used to 
calculate analytical accuracy as described in section 
5.4.2 of this Appendix. 

3.4.4.5 The accuracy of an equivalent Pb method 
is assessed in the same manner as for the reference 
method. The flow auditing device and Pb analysis 
audit samples must be compatible with the specific 
requirements of the equivalent method. 

3.5 Measurement Uncertainty for Automated and 
Manual PM2.s Methods. The goal for acceptable 
measurement uncertainly has been defined as 10 
percent coefficient of variation (CV) for total 
precision and f 10 percent for total bias (Reference 
14 of this Appendix). 

3.5.1 Flow Rate Audits. 
3.5.1.1 Automated methods for PM2.s. A one- 

point precision check must be performed at least 
once every 2 weeks on each automated analyzer 
used to measure PM2.s. The precision check is 
made by checking the operational flow rate of the 
analyzer. If a precision flow rate check is made in 
conjunction with a flow rate adjustment, it must be 
made prior to such flow rate adjustment. 
Randomization of the precision check with respect 
to time of day, day of week, and routine service 
and adjustmen= is encouraged where possible. 

3.5.1.1.1 Standard procedure: Use a flow rate 
transfer standard certified in accordance with 
section 2.3.3 of this Appendix to check the 
analyzer’s normal flow rate. Care should be used 
in selecting and using the flow rate measurement 
device such that it does not alter the normal 
operating flow rate of the analyzer. Report the 
actual analyzer flow rate measured by the transfer 
standard and the corresponding flow rate measured, 
indicated, or assumed by the analyzer. 

3.5.1.1.2 Alternative procedure: It is permissible 
to obtain the precision check flow rate data from 
the analyzer’s internal flow meter without the use 
of an external flow rate transfer standard, provided 
that the flow meter is audited with an external flow 
rate tzmsfer standard at least every 6 months; 
records of at least the three most recent flow audits 
of the instrument’s internal flow meter over at least 
several weeks confirm that the flow meter is stable, 
verifiable and accurate to M%; and the instrument 
and flow meter give no indication of improper 
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operation. With suitable communication capability, 
ihe precision check may thus be carried out 
remotely. For this procedure, report the set-point 
flow rate as the actual flow rate along with the flow 
rate measured or indicated by the analyzer flow 
meter. 

3.5. I I .3 For either procedure, the differences 
between the actual and indicated flow rates are 
used to assess the precision of the monitoring data 
as described in section 5.5 of this Appendix. 

3 S. 1.2 Manual methods for PM2.5. Each 
calendar quarter, audit the flow rate of each 
SLAMS PM2.5 analyzer. The audit is made by 
measuring the analyzer’s normal operating flow 
rate, using a flow rate’hansfer standard certified in 
accordance with section 2.3.3 of this Appendix. 
The flow rate standard used for auditing must not 
be the same flow rate standard used to calibrate the 
analyzer. However, both the calibration standard 
and the audit standard may be referenced to the 
same primary flow rate or volume standard. Great 
care must be used in auditing the tlow rate to be 
certain that the flow measurement device does not 
alter the normal operating flow rate of the analyzer. 
Report the audit (actual) flow rate and the 
corresponding flow rate indicated or assumed by 
the sampler. The procedures used to calculate 
measurement uncertainty PM2.s are described in 
section 5.5 of this Appendix. 

3.5.2 Measurement of Precision using Collocated 
Procedures for Automated and Manual Methods of 
PM2.5. 

(a) For PM2.s sites within a reporting 
organization each EPA designated Federal 
reference method (FRM) or Federal equivalent 
methpd (FEM) must: 

( 1) ,Have 25 pcrcent of the-monitors collocated 
(values of .5 and greater round up). 

(2) Have at least 1 collocated monitor (if the 
total number of monitors is less than 4). The frst 
collocated monitor must be a designated FRM 
monitor. 

(b) In addition, monitors selected must also meet 
the following requirements: 

(1) A monitor designated as an EPA FRM shall 
be collocated with a monitor having the same EPA 
FRM designation. 

(2) For each monitor designated as an EPA FEM, 
50 percent of the designated monitors shall be 
collocated with a monitor having the same method 
designation and 50 percent of the monitors shall be 
collocated with an FRM monitor. If there are an 
odd number of collocated monitors required, the 
additional monitor shall be an FRM. An example 
of this procedure is found in Table A-2 of this 
Appendix. 

(c) For PM2.5 sites during the initial deployment 
of the SLAMS network, special emphasis should 
be placed on those sites in areas likely to be in 
violation of the NAAQS. Once areas are initially 
determined to be in violation, the collocated 
monitors should be deployed according to the 
following protocol: 

(1) Eighty percent of the collocated monitors 
should be deployed at sites with concentrations 2 
ninety percent oftbe annual PMz.5 NAAQS (or 24- 
hour NAAQS if that is affecting the area); one 
hundred percent if all sites have concentrations 
above either NAAQS, and each area determined to 
be in violation should be represented by at least 
one collocated monitor. 

(2) The remaining 20 percent of the collocated 
monitors should be deployed at sites with 
concentrations c ninety percent of the annual PM2.s 
NAAQS (or Z&hour NAAQS if that is affecting 
the area) 

(3) If an organization has no sites at 
concentration ranges t.ninety percent of the annual 
PMz.5 NAAQS (or 24-hour NAAQS if that is 
affecting the area), 60 percent of the collocated 
monitors should be deployed at those sites with the 
annual mean PMz.5 concentrations (or 24-hour 
NAAQS if that is affecting the area) among the 
highest 25 percent for all PM2.5 sites in the 
network. 

3.5.2.1 In determining the number of collocated 
sites required for PM2.5, monitoring networks for 
visibility should not be treated independently from 
networks for particulate matter, as the separate 
networks may share one or more common . . 
samplers. However, for class I vlslblhty areas, EPA 
will accept visibility aerosol mass mezurement 
instead of a PM2.5 measurement if the latter 
measurement is unavailable. Any PM2.5 monitoring 
site which does not have a monitor which is an 
EPA federal reference or equivalent method is not 
required to be included in the number of sites 
which are used to determine the number of 
collocated monitors. 

3.5.2.2 The tw~‘coIlocai~d sampItrs mu:; be 
within 4 meters of each other, and particulate 
matter samplers must be at least 2 meters apart to 
preclude airflow interference. Calibration, 
sampling, and analysis must be the same for both 
collocated samplers and the same as for all other 
samplers in the network. 

3.5.2.3 For each pair of collocated samplers, 
designate one sampler as the primary sampler 
whose samples will be used to report air quality 
for the site, and designate the other as the duplicate 
sampler. Each duplicate sampler must be operated 
concurrently with its associated primary sampler. 
The operation schedulesbould be sdeetul so that 
the tipfing days art d&tributed evehly dver the 
year and over the 7 days of the week and therefore, 
a 6day sampling schedule is required. Report the 
measurements from both samplers at each 
collocated sampling site. The calculations for 
evaluating precision between the two collocated 
samplers are described in section 5.5 of this 
Appendix. 

3.5.3 Measurement of Bias using the FRM Audit 
Procedures for Automated and Manual Methods of 
PM25 

3.5.3.I ne FR.. audit is,an independent 
assessment of the total measurement system bias. 
These audits will be performed under the National 
Performance Audit Program (section 2.4 of this 
Appendix) or a comparable program. Twenty-tive 
percent of the SLAMS monitors within each 
reporting organization will be assessed with an 
FRM audit each year. Additionally, every 
designated FRM or FEM within a reporting 
organization must: 

(a) Have at least 25 percent of each method 
designation audited, including collocated sites 
(even those collocated with FRM instruments), 
(values of .5 and greater round up). 

(b) Have at least one monitor audited. 
(c) Be audited at a frequency of four audits per 

year. 
(d) Have all FRM or FEM samples subject to 

an FRM audit at least once every 4 years. Table 
A-2 illustrates the procedure mentioned above. 

3.5.3.2 For PM2.5 sites during the initial 
deployment of the SLAMS network, special 
emphasis should be placed on those sites in areas 
likely to be in violation of the NAAQS. Once areas 
are initially determined to be in violation, the FRM 
audit program should be implemented according to 
the following protocol: 

(a) Eighty percent of the FRM audits should be 
deployed at sites with concentrations 2 ninety 

percent of the annual PM2.5 NAAQS (or 24-hour 
NAAQS if that is affecting the area); one hundred 
percent if all sites have concentrations above either 
NAAQS, and each a.re.a determined to be in 
violation should implement an FRM audit at a 
minimum of one monitor within that area. 

(b) The remaining 20 percent of the FRM audits 
should be implemented at sites with concentrations 
< ninety percent of the annual PM2.5 NAAQS (or 
24-hour NAAQS if that is affecting the area). 

(c) If an organization has no sites at 
concentration ranges 1 ninety percent of the annual 
PMz.5 NAAQS (or 24-hour NAAQS if that is 
affecting the area), 60 percent of the FRM audits 
should be implemented at those sites with the 
annual mean PMz.5 concentrations (or 24-hour 
NAAQS if that is affecting the area) among the 
highest 25 percent for all PM2.5 sites in the 
network. Additional information concerning the 
FRM audit program is contained in Reference 7 of 
this Appendix. The calculations for evaluating bias 
between the primary monitor and the FIUvl audit 
are described in section 5.5. 
4. Reporting Requirements. 

(a) For each pollutant, prepare a list of all 
monitoring sites and their AIRS site identification 
codes in each reporting organization and submit the 
list to the appropriate EPA Regional Offlice, with 
a copy to AIRS-AQS. Whenever there is a change 
in this list of monitoring sites in a reporting 
organization, report this change to the Regional 
office and to AIRS-AQS. 

4.1 Quarterly Reports. For each quarter, each 
reporting organization shall report to AIRS-AQS 
directly (or via the appropriate EPA Regional 
Ofice for organizations not &ect psen of AIRS) 
the qedts .of all *Iid precision, bias-and accuracy 
tests it has carried out during the quarter. The 
quarterly reports of precision, bias and accuracy 
data must be submitted consistent with the data 
reporting requirements specified for air quality data 
as set forth in § 58.35(c). EPA strongly encourages 
early submittal of the QA data in order to assist 
the State and Local agencies in controlling and 
evaluating the quality of the ambient air SLAMS 
data. Each organization shall report all QA/QC 
measurements. Report results from invalid tests, 
from tests carried out during a time period for 
which ambient data immediately prior or 
subsequent to the tests were invalidated for 
appropnate reasons, and from tests of methods or 
analyzers not approved for use in SLAMS 
monitoring networks under Appendix C of this part. 
Such data should be flagged so that it will not be 
utilized for quantitative assessment of precision, 
bias and accuracy. 

4.2 Annual Reports. 
4.2.1 When precision, bias and accuracy 

estimates for a reporting organization have been 
calculated for all four quarters of the calendar year, 
EPA will calculate and report the measurement 
uncertainty for the entire calendar year. These 
limits will then be associated with the data 
submitted in the annual SLAMS report required by 
$ 58.26. 

4.2.2 Each reporting organization shall submit, 
along with its annual SLAMS report, a listing by 
pollutant of all monitoring sites in the reporting 
organization. 
5. Calculations for Data Qua&y Assessmenr. 

(a) Calculations of measurement uncertainty are 
carried out by EPA according to the following 
procedures. Reporting organizations should report 
the data for individual precision, bias and accuracy 
tests as specified in sections 3 and 4 of this 
Appendix even though they may elect to perform 
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some or all of the calculations in this section on deviation (S,) with equation 3, where n is the analyzers audited within the reporting organization 
their own. number of precision checks on the instrument made for a single pollutant, as follows: 

5.1 Precision of Automated Methods Excluding during the calendar quarter. For example, n should 
PMa.5. Estimates of the precision of automated be 6 or 7 if precision checks are made biweekly Equation 4. 

methods are calculated from the results of biweekly during a quarter. Equation 2 and 3 follow: 
precision checks as specified in section 3.1 of this 
Appendix. At the end of each calendar quarter, an Equation Z 

integrated precision probability interval for all 
D=~ ~dj 

J-l 
SLAMS analyzers in the organization is calculated 
for each pollutant. dj=L i;d; 

5.1.1 Single Analyzer Precision. n Equarion 4a 
i=l 

5.1.1.1 The percent difference (d;) for each 
precision check is calculated using equation 1, Equation 3 ll= 

n,d,+n2d2+-..+njdj+...+n~d~ 

where Yi is the concentration indicated by the 
analyzer for the I-th precision check and X; is the 
known concentration for the I-th precision check, 
as follows: 

Eauation I , 
5.1.2 Precision for Reporting Organization. s, = 

di = yi-xi x 100 5.1.2.1 For each pollutant, the average of 
d 

‘i 
averages (D) and the pooled standard deviation (S,) 
are calculated for all analyzers audited for the 

5.1.1.2 For each analyzer, the quarterly average 
(dj) is calculated with equation 2, and the standard 

pollutant during the quarter, using either equations 
Equation 50 

4 and 5 or 4a and 5a, where k is the number of 

s = (n,-1)S:+(n2-l)S:+...+(~j-I)SJ+...+(nk-1)~~ 
a n,+n2+...+nj+...+nk-k 

5.1.2.2 Equations 4 and 5 are used when the 
same number of precision checks are made for each 
analyzer. Equations 4a and 5a are used to obtain 
a weighted average and a weighted standard 
deviation when different numbers of precision 
checks are made for the analyzers. 

5.1.2.3 For each pollutant, the 95 Percent 
Probability Limits for the precision of a reporting 
organization are calculated using equations 6 and 
7, as follows: 

Equation 6 

Upper 95 Percent Probability 

Limit = D + 1.96 S, 

Equation 7 

Lower 95 Percent Probability 

Limit = D - 1.96 S, 

5.2 Accuracy of Automated Methods Excluding 
PM2.s. Estimates of the accuracy of automated 
methods are calculated from the results of 
independent audits as described in section 3.2 of 
this Appendix. At the end of each calendar quarter, 
an integrated accuracy probability interval for all 
SLAMS analyzers audited in the reporting 
organization is calculated for each pollutant. 
Separate probability limits are calculated for each 
audit concentration level in section 3.2 of this 
Appendix. 

5.2.1 Single Analyzer Accuracy. The percentage 
difference (di) for each audit concentration is 
calculated using equation 1, where Yi is the 
analyzer’s indicated concentration measurement 
from the I-th audit check and X; is the actual 
concentration of the audit gas used for the I-th audit 
check. 

5.2.2 Accuracy for Reporting Organization. 
5.2.2.1 For each audit concentration level of a 

particular pollutant, the average (D) of the 
individual percentage differences (d;) for all n 

analyzers audited during the quarter is calculated 
using equation 8, as follows: 

Equation 8 

D=$ $d; 
i=l 

5.2.2.2 For each concentration level of a 
particular pollutant, the standard rl-viation (S,) of 
all the individual percentage differences for all n 
analyzers audited during the quarter is calculated, 
using equation 9, as follows: 

Equation 9 

5.2.2.3 For reporting organizations having four 
or fewer analyzers for a particular pollutant. only 
one audit is required each quarter. For such 
reporting organizations, the audit results of two 
consecutive quarters are required to calculate an 
average and a standard deviation, using equations 
8 and 9. Therefore, the reporting of probability 
limits shall be on a semiannual (instead of a 
quarterly) basis. 

5.2.2.4 For each pollutant, the 95 Percent 
Probability Limits for the accuracy of a reporting 
organization are calculated at each audit 
concentration level using equations 6 and 7. 

5.3 Precision of Manual Methods Excluding 
PMa.5. Estimates of precision of manual methods 
are calculated from the results obtained from 
collocated samplers as described in section 3.3 of 
this Appendix. At the end of each calendar quarter, 
an integrated precision probability interval for all 
collocated samplers operating in the reporting 
organization is calculated for each manual method 
network. 

5.3.1 Single Sampler Precision. 

5.3.1.1 At low concentrations, agreement 
between the measurements of collocated samplers, 
expressed as percent differences, may be relatively 
poor. For this reason, collocated measurement pairs 
are selected for use in the precision calculations 
only when both measurem ems are above the 
following limits: 

(a) TSP: 20 pg/m3. 
(h) SOa: 45 pE/m3. 
(c) NO2: 30 pg/ma. 
(d) Pb: 0.15 yg/ms. 
(e) PMm: 20 pg/ms. 
5.3.1.2 For each selected measurement pair, the 

percent difference (dt) is calculated, using equation 
10, as follows: 

Equation IO 

where: 
Y; is the pollutant concentration measurement 
obtained from the duplicate sampler, and 
X; is the concemration measurement obtained from 
the primary sampler designated for repotting air 
quality for the site. 

(a) For each site, the quarterly average percent 
difference (dj) is calculated from equation 2 and the 
standard deviation (Sj) is calculated from equation 
3, where n= the number of selected measurement 
pairs at the site. 

5.3.2 Precision for Reporting Organization. 
5.3.2.1 For each pollutant, the average 

percentage difference (D) and the pooled standard 
deviation (S=) are calculated, using equations 4 and 
5, or using equations 4a and 5a if different numbers 
of paired measurements are obtained at the 
collocated sites. For these calculations, the k of 
equations 4,4a, 5 and 5a is the number of 
collocated sites. 
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5.3.2.2 The 95 Percent Probability Limits for the 
integrated precision for a reporting organization are 
calculated using equations 11 and 12, as follows: 

Equation 1 I 

Upper 95 Percent Probability 

Limit = D + 1.96 S, 

Equarion I2 

Lower 95 Percent Probability 

Limit = D-l.96 S, 

5.4 Accuracy of Manual Methods Excluding 
PM2.5. Estimates of the accuracy of manual 
methods are calculated from the results of 
independent audits as described in section 3.4 of 
this Appendix. At the end of each calendar quarter, 
an integrated accuracy probability interval is 
calculated for each manual method network 
operated by the reporting organization. 

5.4.1 Particulate Matter Samplers other than 
PMzs (including reference method Pb samplers). 

5.4.1.1 Single Sampler Accuracy. For the flow 
rate audit described in section 3.4.1 of this 
Appendix, the percentage difference (di) for each 
audit is calculated using equation 1, where Xi 
represents the known flow rate and Yi represents 
the flow rate indicated by the sampler. 

5.4.1.2 Accuracy for Reporting Organization. For 
each type of particulate matter measured (e.g.+ TSP/ 
Pb), the average (D) of the individual percent 
differences for all similar particulate matter 
samplers audited during the calendar quarter is 
calculated using equation 8. The standard deviation 
(S.) of the percentage diffwces for all of the 
similar particulate matter samplers audited during 
the calendar quarter is calculated using equation 9. 
The 95 Percent Probability Limits for the integrated 
accuracy for the reporting organization are 
calculated using equations 6 and 7. For reporting 
organizations having four or fewer particulate 
matter samplers of one type, only one audit is 
required each quarter, and the audit results of two 
consecutive quarters are required to calculate an 
average and a standard deviation. In that case, 
probability limits shall be reported semi-annually 
rather than quarterly. 

5.4.2 Analytical Methods for SOZ, N02, and Pb. 
5.4.2.1 Single Analysis-Day Accuracy. For each 

of the audits of the analytical methods for SO2, 
N02, and Pb described in sections 3.4.2, 3.4.3, and 
3.4.4 of this Appendix, the percentage difference 
(dj) at each concentration level is calculated using 
equation 1. where Xj represents the known value 
of the audit sample and Yj represents the value of 
SO2, NO*, or Pb indicated by the analytical 
method. 

5.4.2.2 Accuracy for Reporting Organization. For 
each analytical method, the average (D) of the 
individual percent differences at each concentration 
level for all audits during the calendar quarter is 
calculated using equation 8. The standard deviation 
(S,) of the percentage differences at each 
concenrration level for all audits during the 
calendar quarter is calculated using equation 9. The 
95 Percent Probability Limits for the accuracy for 
the reporting organization are calculated using 
equations 6 and 7. 

5.5 Precision, Accuracy and Bias for Automated 
and Manual PM2.s Methods. 

(a) Reporting organizations are required to report 
the data that will allow assessments of the 
following individual quality control checks and 
audits: 

(1) Flow rate audit. 
(2) Collocated samplers, where the duplicate 

sampler is not air FRM device. 
(3) Collocated samplers, where the duplicate 

sampler is an FRM device. 
(4) FRM audits. 
(b) EPA uses the reported results to derive 

precision. accuracy and bias estimates according to 
the following procedures. 

5.5. I Flow Rate Audits. The reporting 
organization shall report both the audit standard 
flow rate and the flow rate indicated by the 
sampling instrument. These results arc used by 
EPA to calculate flow rate accuracy and bias 
estimates. 

5.5.1.1 Accuracy of a Single Sampler - Single 
Check (Quarterly) Basis (di). The percentage 
difference (di) for a single flow rate audit di is 
calculated using Equation 13, where X; represents 
the audit standard flow rate (known) and Y; 
represents the indicated flow rate, as follows: 

Equation 13 

5.5.1.2 Bias of a Single Sampler - Annual Basis 
(Dj). For an individual particulate sampler j, the 
average (Dj) of the individual percentage 
differences (di) during the calendar year is 
calculated using Equation 14, where nj is the 
number of individual percentage differences 
produced for sampler j during the calendar year, as 
follows: 

.Equarion I4 

J 

nj 2’ 

5.5. I .3 Bias for Each EPA Federal Reference and 
Equivalent Method Designation Employed by Each 
Reporting Organization - Quarterly Basis (D&. 
For method designation k used by the reporting 
organization, quarter q’s single sampler percentage 
differences (di) are averaged using Equation 16, 
where nk.q is the number ofindividual percentage 
differences produced for method designation k in 
quarter q, as follows: 

Equation 15 

nk n 

D,,q =--!- x 2 d, 
“k.q i=l 

5.5.1.4 Bias for Each Reporting Organization - 
Quarterly Basis (D,J For each reporting 
organization, quarter q’s single sampler percentage 
differences (di) are averaged using Equation 16, to 
produce a single average for each reporting 
organization, where n, is the total number of single 
sampler percentage differences for all federal 
reference or equivalent methods of samplers in 
quarter q, as follows: 

Equation I6 

D,=-&x %di 
‘1 

9 i=l 

5.5.1.5 Bias for Each EPA Federal Reference and 
Equivalent Method Designation Employed by Each 
Reporting Organization - Annual Basis (Dk). For 
method designation k used by the reporting 

organization,-the annual average percentage 
difference, Dk, is derived using Equation 17, where 
Dk.q is the average reported for method designation 
k during ttie qth quarter, and.nk., is the number of 
the method designation k’s monitors that were 
deployed during the qth quarter, as follows: 

Equation I7 

2 (%qDk,q j 
E), = q=’ 4 

&-kq 
q=l 

551.6 Bias for Each Reporting Organization - 
Annual Basis (D). For each reporting organization. 
the annual average percentage difference, D, is 
derived using Equation 18, where D, is the average 
reported for the reporting organization during the 
qth quarter, and n, is the total number monitors that 
were deployed during the qth quarter. A single 
annual average is produced for each reporting 
organization. Equation 18 follows: 

Equahm 18 

5-G 
q=l 

5.5.2 Collocated Samplers, Where the Duplicate 
Sampler is not an FRM Device. 

(a) At low concentrations, agreement between 
ihe measurements of collocated samplers may be 
relatively poor. For this reason, collocated 
measurement pairs are selected for use in the 
precision calculations only when both 
measurements are above the following limits: 

PM2.s : 6 @m3 
(b) Collocated sampler results are used to assess 

measurement system precision. A collocated 
sampler pair consists of a primary sampler (used 
for routine monitoring) and a duplicate sampler 
(used as a qoality contra! check). Quarterly 
precision estimates are calculated by EPA for each 
pair of collocated samplers and for each method 
designation employed by each reporting 
organization. Annual precision estimates are 
calculated by EPA for each primary sampler, for 
each EPA Fed-1 reference method and equivalent 
method designation employed by each reporting 
organization, and nationally for each EPA Federal 
reference method and equivalent method 
designation. 

5.5.2.1 Percent Difference for a Single Check 
(di). The percentage difference, di, for each check 
is calculated by EPA using Equation 19, where Xi 
represents the concentmtion produced from the 
primary sampler and Yi represents concentration 
reported for the duplicate sampler, as follows: 

Equation 19 

5.5.2.2 Coefficient of Variation (CV) for a Single 
Check (CVi). The coefficient of variation, CV;, for 
each check is calculated by EPA by dividing the 
absolute value of the percentage difference, d;, by 
the square root of two as shown in Equation 20, 
as follows: 
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Equation 20 

ldil cvi =Jz 
5.5.2.3 Precision of a Single Sampler - Quarterly 

Basis (CVj.4. 
(a) For particulate sampler j, the individual 

coeffjcients of variation (CVj.q) during the quarter 
are pooled using Equation 21, where nj., is the 
number of pairs of measurements from collocated 
samplers during the quarter, as follows: 

Equation 21 

(b) The 90 percent confidence limits for the 
single sampler’s CV are calculated by EPA using 
Equations 22 and 23, where X2 ~.~s,dr and X* 0.9s.d~ 
are the 0.05 and 0.95 quantiles of the chi-square 
(Xl) disrribution with nj, degrees of freedom, as 
foliows: 

Lower Confidence Limit = CVj,, “iq 7 
x0.95. “,.q 

Equation 23 

Upper Confidence Limit = CVj,q 
54 7 

x0.05. “1.4 

5.5.2.4 Precision of a Single Sampler - Annual 
Basis. For particulate sampler j, the individual 
coefficients of variation, CVi, produced during the 
calendar year are pooled using Equation 21, where 
n, is the number of checks made during the 
calendar year. The 90 percent confidence limits for 
the single sampler’s CV are calculated by EPA 
using Equations 22 and 23, where X2 o.os.df and 
X* o.gs.dfare the 0.05 and 0.95 quantiles of the chi- 
square (X2) distribution with nj degrees of freedom 

5.5.2.5 Precision for Each EPA Federal 
Reference Method and Equivalent Method 
Designation Employed by Each Reporting 
Organization - Quarterly Basis (CV,,). 

(a) For each method designation k used by the 
reporting organization,.the quarter’s single sampler 
coe.ffZents of variation, CVj+, obtained from 
Equation 2 1, are pooled using Equation 24, where 
nk.q is the number of collocated primary monitors 
for the designated method (but not collocated with 
FRM samplers) and nj, is the number of degrees 
of freedom associated with CVj,, as follows: 

Equmion 24 

I j=l 

(b) The number of method CVs produced for a 
repomng organization will equal the number of 
different melhod designations having more than 
one pnrna~ monitor employed by the organization 
during the quanrr. (When exactly one monitor of 
a spcc~ficd dcslgnation is used by a reporting 
organ~~rmn. 11 will be collocated with an FRM 
umpln I 

5.5.2 o Rcclslon for Each Method Designation 
Emplo?cJ h! I;Jch Reporting Organization- Annual 
BZ.SI~ I(‘\,) i or each method designation k used 
b) rhc mp~rng organization, the quarterly 
C\tlmAtd ~~fliilcn& of variation, cvk&, are 
pwid u**n): i quanon 25. where nkq is the number 
of .,&,uI~ prm~n monitors for tbe designated 
mah~ ,ztirm~ mc qth quarter and also the number 
ot &,:rc. (-1 rrcdom associated with the quarter’s 
pvr& ,.:.n c.::T.~Ic 1~ the method designation. 
CL., a. r,.;,.rv.\ 

f qd:* .r - 

(-\‘, = ,q=’ 

\ 
Ii nkq 
q=I 

5.5 3 C~oliocamed Samplers, Where the Duplicate 
Sampler IS an FRM Device. At low concentrations, 
agreemcm bcruccn the measurements of collocated 
samplers may bc relatively poor. For this reason, 
collocated measurcmcnt pairs are selected for use 
in the precision calculations only when both 

Lower Confidence Limit = Dj,q- Z0.p,5,dl X ~j.9 

Equation 30 

Upper Confidence Limit = Dj,q- fo.975,q X s>,~ 

5.5.3.3 Bias of a Single Sampler - Annual Basis Equmion 31 

@‘A. 
(a) For particulate sampler j, the mean bias for 

the year is derived from the quarterly bias 
estimates, D’,.q, using Equation 3 I, where the 
variables are as defined for Equations 27 and 28, 
as follows: 

i (“j7qDIi.q) 
D; = q=’ 4 

C “j.q 

measurements-xe above the following limits: 
PMz.5: 6 @x13. These duplicate sampler results are 
used to assess measurement system bias. Quarterly 
bias estimates are calculated by EPA for each 
primary sampler and for each method designation 
employed by each reporting organization. Annual 
precision estimates are calculated by EPA for each 
primary monitor, for each method designation 
employed by each reporting organization, and 
nationally for each method designation. 

5.5.3.1 Accuracy for a Single Check (d’;). The 
percentage difference, d’i, for each check is 
calculated by EPA using Equation 26, where X; 
represents the concentration produced from the 
FRhI sampler taken as the true value and Y; 
represents concentration reported for the primary 
sampler, as follows: 

Equation 26 

d] = Tmxi 
I -x100% 

xi 

5.5.3.2 Bias of a Single Sampler - Quarterly 
Basis (D’j.3. 

(a) For particulate sampler j, the average of the 
individual percentage differences during the quarter 
q is calculated by EPA using Equation 27, where 
nj, is the number of checks made for sampler j 
during the calendar quarter, as follows: 

Equation 27 

D;,,=~x nfd*i 
i=l 

@) The standard deviation, S’jq, of sampler j’s 
percentage differences for quarter q is calculated 
using Equation 28, as follows: 

Equation 28 

(c) The 95 Percent Confidence Limits for the 
single sampler’s bias are calculated using Equations 
29 and 30 where b.g7s,aris the 0.975 quantile of 
Student’s t distribution with df = nj.q-l degrees of 
freedom, as follows: 

Equation 29 

(b) The standard error of the above estimate, sej’ 
is calculated using Equation 32, as follows: 

q=1 
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Equarion 32 (c) The 95 Percent Confidence Limits for the 
single sampler’s bias are calculated usingEquations 
33 and 34, where‘b.q-/s.df is the 0.975 quantile of 
Student’s t distribution with df=(nj,l+nj.z+nj,;+nj,~- 
4) degrees of freedom, as follows: 

Equorion 33 

Lower ConfidenceLimit = D;. - to,975,dJ x se, 

Upper Confidence Limit = D;, - to,9is,dJ x sij 

5.5.3.4 Bias for a Single Reporting Organization Environmental Data Collection and Environmental 
(ID’) - Annual Basis. The reporting organizations Technology programs. ANSUASQC E4-1994. 
mean bias is calculated using Equation 35, where January ‘1995. Available from American Society for 
variables are as defined in Equations 3 1 and 32, Quality Control, 611 East Wisconsin Avenue, 
as follows: Milwaukee, WI 53202. 

Equniion 35 
(3) EPA Requirements for Quality Management 

Plans. EPA QA/R-2. August 1994. Available from 
U.S. Environmental Protection Agency, ORD 
Publications Oftice, Center for Environmental 
Research Information (CERI), 26 W. Martin Luther 
King Drive, Cincinnati, OH 4526X. 

D’ =L. “j 
n. x CD; 

J i=l 

5.5.4 FRM Audits. FRM Audits are performed 
once per quarter for selected samplers. The 
reporting organization reports concentration data 
from the prirh&+y sdmpler. Calculations for FRM 
Audits are similar to those for collocated samplers 
having FRM samplers as duplicates. The 
calculations differ because only one check is 
performed per quarter. 

5.5.4.1 Accuracy for a Single Sampler, Quarterly 
Basis (di). The percentage difference, di, for each 
check is calculated using Equation 26, where X; 
represents the concentration produced from the 
FRM sampler and Yi represents the concentration 
reported for the primary sampler. For quarter q, the 
bias estimate for sampler j is denoted Dj.4. 

5.5.4.2 Bias of a Single Sampler - Annual Basis 
(D’j). For particulate sampler j, the mean bias for 
the year is derived from the quarterly bias 
estimates, Dj.s, using Equation 3 1, where nj,, equals 
I because one FRM audit is performed per quarter. 

5.5.4.3. Bias for a Single Reporting Organization 
- Annual Basis (D’). The reporting organizations 
mean bias is calculated using Equation 35, where 
variables are as defined in Equations 3 1 and 32. 
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TABLE A-l .-MINIMUM DATA ASSESSMENT REQUIREMENTS 

Method Assessment Method Coverage Minimum Frequency 1 Parameters Reported 

Precision: I I I I 
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TABLE A-l .-MINIMUM DATA ASSESSMENT REQUIREMENTS-COntintIed 

Method 

Automated Methods 
for SOz, NO*. O;, 
and CO 

Manual Methods: All 
methods except 
PMz.s 

Accuracy: 
Automated Methods 

for SO*, NO*, Oz. 
and CO 

Manual Methods for 
SOZ, and NOz 

TSP. PMIo 

Lead 

PM2.s 
Manual and Auto- 

mated Methods-Pre- 
cision. 

Manual and Auto- 
mated Methods-Ac- 
curacy and Bias 

Assessment Method 

Response check at con- 
centration between .08 
and .I0 ppm (8 B 10 
ppm for CO)2 

Collocated samplers 

Response check at 
.03-.08 ppm1-J 
.15--20 ppmlz 
.35-.45 ppmlz 
80--90 ppmlJ (if applica- 

ble) 

Check of analytical proce- 
dure with audit standard 
solutions 

Check of sampler flow rate 

1. Check of sample flow 
rate as for TSP 

2. Check of analytical sys- 
tem with Pb audit strips 

Collocated samplers 

1. Check of sampler flow 
rate 

2. Audit with reference 
method 

Coverage 

Each analyzer 

1 site for I-5 sites 
2 sites for 9-20 sites 
3 sites >20 sites (sites 

with highest cont.) 

1. Each analyzer 
2. 25% of analyzers (at 

least 1) 

Analytical system 

1. Each sampler 
2. 25% of samplers (at 

least 1) 

1. Each sampler 

2. Analytical system 

25% of SLAMS (monitors 
with Cone affecting 
NAAQS violation status) 

25% of SLAMS (monitors 
with Cone affecting 
NAAQS violation status) 

Minimum Frequency . 

Once per 2 weeks 

Once every six days 

1. Once per year 
2. Each calendar quarter 

Each day samples are 
analyzed, at least twice 
per quarter 

1. Once per year 
2. Each calendar quarter 

I. Include with TSP 

2. Each quarter 

Once every six days 

1. Minimum of eve J’ cal- 
endar quarter, 4 checks 
per year 

2. Minimum 4 measure- 
ments per year 

Parameters Reported 

Actual concentration 2 and 
measured concentra- 
tion 3 

Particle mass concentra- 
tion indicated by sam- 
pler and by collocated 
sampler 

Actual concentration2 and 
measured (indicated) 
concentration 3 for each 
level 

Actual concentration and 
measured (indicated) 
concentration for each 
audit solution 

Actual tlow rate and flow 
rate indicated by the 
sampler 

1. Same as for TSP 

2. Actual concentration 
and measured (indi- 
cated) concentration of 
audit samples (pg Pb/ 
strip) 

I. Particle mass con- 
centration indicated by 
sampler and by collo- 
cated sampler 

2. 24-hour value for auto- 
mated methods 

1. Actual flow rate and 
tlow rate indicated by 
sampler 

2. Particle mass con- 
centration indicated by 
sampler and by audit 
reference sampler 

1 Concentration times 100 for CO. 
2 Effective concentration for open path analyzers. 
3 Corrected concentration, if applicable, for open path analyzers. 

TABLE A-~--SUMMARY OF PM2.5 COLLOCATION AND AUDITS PROCEDURES As AN EXAMPLE OF A TYPICAL REPORTING 
ORGANIZATION NEEDING 43 MONITORS, HAVING PROCURED FRMs AND THREE OTHER EQUIVALENT METHOD TYPES 

Method Designation # of Collocated # of Collocated 
Total # of Monitors Total # Collocated 

FRMs Monitors of Same # of Independent 

Type 
FRM Audits 

FRM 
Type A 
Type C 
Type D 

25 6 6 n/a 
10 3 2 1 
2 1 1 0 
6 2 1 1 

6 
3 
1 
2 

m. Appendix C is amended by revising Appendix C-Ambient Air Quality 

section 2.2 and adding sections 2.2.1 and Monitoring Methodology 

2.2.2, adding sections 2.4 through 2.5, l * * * * 

revising section 2.7.1, and adding section 2.9 2.2 Substitute PMlo samplers. 

and references 4 through 6 to section 6.0 to 2.2.1 For purposes of showing compliance with 

read as follows: the NAAQS for particulate matter, a high volume 
TSP sampler described in 40 CFR part 50, 
Appendix B, may be used in a SLAMS in lieu of 

a PM,0 monitor as long as the ambient 
concentrations of particles measured by the TSP 
sampler are below the PMio NAAQS. If the TSP 
sampler measures a single value that is higher than 
the PMic 24-hour standard, or if the annual 
average of its measurements is greater than the 
PMio annual standard, the TSP sampler operating 
aa a substitute PMic sampler must be replaced with 
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Table of Relationship of Filter-based FRM PM10 and PM25 to 
Continuous Method 
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Summary of PM Sampler Comparison .Study at the Bakersfield 
Monitor’ing Station 

The purpose of this study was to compare the performance of PM2.5 and PMIO 
continuous measurement methods to reference methods. Our intent was to 
identify PM25 and PM10 continuous analyzer(s) that can be used to determine 
compliance with the State ambient air quality standards (AAQS). 

In response to a request by the Air Resources Board (a Board), the Office of 
Environmental Health and Hazard Assessment (QEHHA) and the ARB staff are 
reviewing the State PM standard. QEHHA has recommended retaining the 
current PM-i0 standard, revising the 24-hr and annual average values, and has 
proposed PM25 24-hr and annual standards. As a part of the PM standard 
review, ARB must describe the method by which particles will be measured and 
used to determine compliance with the AAQS. That activity resulted in staff 
reviewing the current PM10 State method (Method P), and identifying methods 
to measure PM2.5. 

3n the Board draft staff report, prepared for the Air Quality Advisory Committee, 
dated November 26,2001, staff recommended the State adopt the PM’lO and the 
PM2.5 Federal reference method (FRM) samplers that employ inertial impactors 
as methods suitable for determining compliance with the State standard. Staff 
also recommended the use of continuous PM10 and’ PM25 analyzers, if 
possible, that were being evaluated in Bakersfield, CA. Additional testing was 
necessary to capture the atmospheric conditions in the two areas with the most 
persistent particulate problems in California, the San Joaquin Valley and the 
South Coast Air Basin. The testing in Bakersfield adequately represents the 
conditions in both areas. Moreover, findings for this report needed to be based 
on a well-controlled study that eliminated vendor involvement, and that used an 
existing station with agency monitoring staff to operate the equipment. Other 
rigorous elements incorporated into the study included duplicate instrumentation 
for all instruments, extensive sample collection, multiple reference samplers, and 
audits by an outside entity of the candidate and reference devices. 

Objectives 

The study was conducted to compare the performance of advanced, 
commercially available continuous PM10 and PM2.5 analyzers to the 
performance of federal reference methods. These reference methods included 
duplicate hi-volume SSI and low-volume Partisol samplers for PM10, and the lo- 
volume RAAS for PM2.5. The resulting data were used to: 

1) Determine whether any specific continuous monitoring method(s) is (are) 
acceptable for measuring PM1 0 and PM2.5 in California for the State Ambient 
Air Quality Standard. 
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2) Compare the common attributes, of a lo-vol and hi-vol PMIO. - This objective 
was selected to ‘evaluate the .effect of using a :hi-vol versus the lo-vol sampler 
as the ‘subtractant’ if one needed to calculate course mass (PMIO-PM2.5). 

Location of the Study 

The study was conducted at the Air Resources Board monitoring station at 5558 
California Avenue in Bakersfield, California. Located at the southern end of the 
Central Valley, the station is situated in a basin created by surrounding mountain 
ranges. Major activities in the region include oil productions, agricultural 
operations, and motor vehicle traffic. Bakersfield contains major roadways 
connecting Northern and Southern California. 

Historical air quality data at Bakersfield shows that the winter season in the area 
sees high levels of air pollution due to emissions, topography, and meteorological 
conditions. Historically, during the winter months, this region is dominated by 
high PM concentrations. A large component of this PM consists of volatile 
compounds (nitrates and moisture). 

Conducting the study in fall and winter in this location provided a wide range of 
meteorological and air quality conditions under which to test the instruments. 

Instruments evaluated 

Three types of PM10 and four types of PM2.5 continuous samplers were 
evaluated. Two of each type and size cut were operated for a total of 14 
samplers- 

The data from the continuous PM10 samplers were compared to two types of 
reference method, one hi-vol and one lo-vol. The PM2.5 continuous data were 
compared to the PM2.5 lo-vol reference method. 

Reference method samplers 

PM10 
The Partisol model 2000 (Rupprecht and Patashnick [R&P] Partisol 2000; lo-vol) 
and the SSI model SA1200 (Therm0 Andersen Inc; hi-vol) were the Federal 
Reference Method (FRM) samplers against which the PM10 continuous 
samplers were compared. A pair of Partisol PM10 FRMs were provided by R&P 
for the period of the study. The SSI was also operated in tandem at the site. It is 
currently the State method for PMIO. These samplers are permanently placed at 
many stations by the AR6 and local air districts- The mass of the PM in either 
instance is determined by pre- and post-weighing the sample filter. The mass 
concentration of PM is determined by dividing the collected mass by the total 
amount of air sampled. 
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PM25 
The reference ambient air sampler (RAAS 2.5300, Thermo- Andersen 
instruments), an FRM for PM2.5, was used to evaluate the accuracy .of the 
continuous PM25 samplers. This sampler consists of a PM10 inlet and a Wells 
Pmpactor Ninety-Six (WINS impactor), followed by a Teflon filter. The RAAS 
operates at 16.7 lpm. The WINS impactor is used to eliminate particles between 
PM10 and PM2.5 before they are collected on a 47-mm Teflon filter. The 
concentration of the PM is determined in the same manner as PM-IO, however 
using criteria contained in federal regulations specific to PM2.5. 

Both lo-vol PM10 and PM2.5 FRMs used louvered PM1 0 inlets. 

Continuous samplers 

Four types of continuous samplers were evaiuated in the study. Aii were io- 
volume (16.67 Ipm). Four samplers were provided by each vendor, two were 
configured to sample PMIO, and two to sampler PM2.5. The participating 
samplers were the Therm0 Andersen Beta Attenuation Monitor @AM, model FH 
62 C-14, here after called And-BAM), the Met One BAM (model 1020, here after 
called Met-BAM), and the Rupprecht and Patashnick (R&P) Filter Dynamics 
Measurement Systems (R&P FDMS series 8500). Also two PM2.5 Continuous 
Ambient Mass Monitor (CAMM) were provided by Therm0 Andersen. Each 
PM10 device. was equipped with louvered PM10 inlets and an inertial impa,ctor. 
The instrument manufacturers assumed the responsibility for installing and 
calibrating their samplers. ARB staff provided space to the vendors at the air 
monitoring station. The representatives trained ARB staff and departed the site 
after they were confident the sampler was performing properly and the staff were 
suitably trained. The manufacturers’ representatives handed over all aspects of 
the operation of the samplers to ARB staff for the duration of the study. 

The PM2.5 samplers were equipped with a PM2.5 sharp cut cyclone (see) to 
separate the PM2.5 fraction from the PMIO. The cyclone is well suited for 
continuous operation 

Beta Attenuation Monitors (BAM) 

A beta attenuation monitor @AM) consists of a lo-vol size selective inlet, a filter 
tape, a beta source, a beta ray detector, a lo-vol flow controller, and a timer. The 
sampler uses a source of beta radiation (14C) and a detector to measure the beta 
absorption from PM accumulated on the filter tape. The filter material is a roll or 
cassette that advances automatically on a timed sequence. When particles are 
placed between the beta source and the detector, the beta rays are attenuated or 
absorbed by particles in their path. The difference in attenuation before and after 
the segment of the tape used to collect PM is attributed to the PM deposited on 
the filter. The reduction in beta ray intensity passing through the collected PM is 

5 H-3 



514 

a function of the mass of material between the, source and the- detector. The 
degree of beta radiation attenuationis converted to a PM concentration. 

Therm0 Andersen BAM (Model FH 62 C14) 

The Therm0 Andersen BAM (And-BAM) was equipped with an optional 
intermittent tube heater to reduce the relative humidity so that moisture does not 
condense on the filter. It performs simultaneous mass collection and 
measurement with continuous display of the current concentration. The single 
spot remains in the chamber for particle collection and measurement for 24-hr or 
until it is full (typ1500 pg/m3), although the sampler has the ability of advancing 
the tape at a preset time. Calibration is accomplished with two calibration foils. It 
performs auto-zero check and is equipped with temperature sensor. It can 
measure PM mass as high as 5000 pg/m3 

Met One BAM (Model 1020) 

The Met One BAM (Met-BAM) was also configured to eliminate water vapor from 
condensing on the filter. It automatically warmed the incoming air to 3OC above 
ambient. It has a sample time of 50 minutes per hour. The first and last five 
minutes of the sampling hour are used to calibrate, measure, and calculate the 
concentration of PM. The tape is automatically moved every hour. The sampler 
performs auto- zero/span check and is equipped with pressure and temperature 
sensors. It can measure PM mass as high as 1,000 mg/m3. 

Continuous Ambient Mass Monitor 

The continuous ambient mass monitor (CAMM) based on a measure of pressure 
drop increase across a membrane filter with increasing particle loading on the 
filter. The analyzer consists of a diffusion dryer to remove particle-bound water 
and a filter tape to collect PM: 

Filter Dynamics Measurement System (Series 8500) 

The series 8500 Filter Dynamics Measurement System (FDMS) manufactured by 
R&P consists of an inlet, a sample filter, a dryer (sample equilibration system or 
SES), a microbalance, a purge filter conditioning unit, and a control unit. It uses 
a tapered oscillating microbalance that operates at 30°C to measure the PM 
mass. It measures the PM mass and corrects for the volatile PM due to the 
elevated sampler temperature (30°C), and reports the sum of non-volatile and 
non-volatile PM mass. 

Studv Period and Samplinq Frequency 

The study began on October 152001, and ended January 31,2002. During this 
period, the PM10 (SSI and Partisol) samplers and one of the PM2.5 (RAAS) 
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filter-based sample,rs were operated one-in-three day schedule. The second 
RAAS was operated every day. .All continuous analyzers were. operated 24 
hours a day, 7 days a week. 

Data completeness 

Data completeness (DC) is a measure of the number of available useable data to 
the total number of data possible for a single pollutant for a single site. 
Mathematically it is defined as: 

%DC = 

B 
total number sampJes possible - samples Iost due to calibration and downtime 1 Xl00 

total number of samples 

For continuous data , there should be at least ‘18 or more hourly data of the 
maximum 24 and no more than 2 hours of consecutive hours data missing. The 
AR6 strives for at least 85% DC. Data completeness was determined for both 
samplers not each one. 

Using the above formula, the And-BAM PM10 and PM25 provided 86% and 96% 
DC (Table 1) respectively. The 4% incompleteness rate for PM2.5 was attributed 
to a wet filter due to roof leak at the sampler tube inlet. The collocated PM10 
And-BAM sampler failed an audit on January 29, 2002. Because of this the data 
generated in January were discarded resulting in 86% DC. The CAMM had 96% 
DC, most of the 4% incompleteness was attributed to operator error. 

The Met-BAM PM10 and PM2.5 samplers provided 90% and 97% DC 
respectively. Most of the data loss was because of pump problem and the 
samplers ran out of filter tapes during the weekend. 

The FDMS PM10 and PM25 provided 92% and 87% DC respectively. The lower 
%DC of the PM25 FDMS (87%) and of the PM10 (92%) were attributed to either 
the clogging of the sample equilibration systems (dryers) or to the non-zero 
status provide by the samplers status output. Each of the FDMS samplers had 
had its dryer replaced once, the’ instrument provides an hourly status report (non- 
zero status code) whether the corresponding data is useable or not. Per 
manufacturer’s protocol, the data were considered valid only when the status 
values are zero. In addition to dryer replacement, data were invalidated due to 
non-zero status codes. 

All samplers achieved the APB goal for data completeness. 

5 H-5 



516 

5 H-6 



Table 1. Data completeness for samplers used at the Bakersfield sampler 
comparison study, i O/1 5/01 to 01/31,/02 
Samplers hrs lost to cal’hrs lost to down time’ %DC 
Therm0 Andersen BAM-PM 10 4 744 86 
Therm0 Andersen BAM-PM2.5 4 216 96 
Therm0 Andersen CAMM PM25 4 216 96 

Met One BAM-PM 10 5 I 44 90 
Met One BAM-PM2.5 ‘13 144 97 

FDMS PM10 4 408 92 
FDMS PM2.5 11 648 87 
‘includes instrument malfunction, environmental factors (e.g roof leak), operator error, and others 

Methods of Data Analwsis 

To compare the performance of continuous samplers with the FRMs, first 24-hr 
averages were calculated for each continuous sampler. Then the average of the 
collocated samplers was compared with the average of the collocated FRMs. 
When one of the collocated continuous samplers did not produce enough data to 
produce 24-hr average, the 24-hr average of a single sampler was used for 
comparison. For precision, daily averages of collocated samplers were 
compared. 

Precision of the FRMs was determined using the equations described in 40CFR 
Part 58 (Federal Register, 1997). The equations are given below. First the 
percent difference of each pair of 24-hr average data was calculated using 
equation I. 

Equation 1 

di = 
sampler1 - sampler2 

\ Average of (sampler1 and sampler2) 

For a given sampler j, the average of the individual percentage difference during 
the study can be calculated using. 

Equation 2 

nj,q = e-i- x gd’; 

94 i=l 

Where nj,s the number of sample pairs measured during the study. Also, 
regression analysis of collocated samplers was determined ts evaluate the extent 
of agreement of the two. 

5 l-l-7 



518 

To assess the accuracy of the continuous samplers, the averages of continuous 
PM1 0 samplers’ data were compared with the averages of PM10 Partisol and 
SSI FRMs. Because of the similarity of flow rate and filter size, the daily 
averages of the PM10 continuous samplers were compared with the averages of 
Partisol sampler for accuracy. The averages of continuous PM25 samplers’ 
data were compared with the averages of PM25 RAAS FRM. A regression 
analysis of the FRM to each continuous sampler was used to determine a slope, 
intercept, and correlation. 

PM1 0 sampler comparison 

Results of comparisons of PM10 samplers are given in Table 2. The FRMs are 
the lo-vol Partisol and the hi-vol SSI. Each was evaluated for precision using 
collocated samplers- The average of collocated Partisol was used to compare 
with average of collocated continuous samplers for accuracy. 

Table 2. PM10 samplers comparison 
Intercept 

X Y (uo/m3) slope r ’ # samples 
Precision 
Pattisol Partisol 0.26 0.99 1.0 32 
SS12 SSI 0.18 1.01 1 .o- 32 

And-BAM3 And-BAM 0.86 1.0 0.98 108 
Met-BAM4 Met BAM -1.63 0.97 1.0 97 
FDMSS FDMS 17.14 1.04 0.93 91 

Accuracy 
Pattisoil SSI 2.57 0.96 1.0 32 
Partisol And-BAM -2.50 1.04 0.99 34 
Partisol Met BAM -1.65 1.13 1.0 32 
Partisol FDMS 1.08 1.05 0.97 30 
‘r = correlation 
‘Partisol and SSI (size selective inlet) are Federal Reference Methods for PM10 manufactured by 
Rupprecht and Patashnick Co., Inc. and Thermo Andersen respectively 
‘And- BAM = Theme Andersen BAM model FH 62 Cl4 manufactured by Therrno Audersen, Inc. 
4Met BAM = Met One BAM model 1020 manufactured by Met One instruments, Inc. 
5FDMS = Filter Dynamics Measurement Systems series 8500 manufactured by Rupprecht and 
Patashnick Co., 

FRMs 

The precision of the samplers, two Partisols (slope = 0.99, correlation I-0, and 
intercept 0.26) and the two SSls (slope = 1.01, correlation 1.0, and intercept 
0.18) was excellent. Calculating the precision of each sampler type using 
equations 1 and 2 above, the Partisol and SSI have precision values of 0.7% and 
1% respectively (Table 3). 
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The agreement of the lo-VOP Partisol with the high-vol SSI also shows excellent 
agreement (r = 1.0) with the slope and intercept of 0.96 and 2.57 respectively. 
Continuous samplers 

Regression analysis of the collocated continuous And-BAM (slope 1 .O, intercept 
0.86, and correlation 0.98) Met-BAM (slope 0.97, intercept -1.63, and correlation 
1 .O), and the FDMS (slope 1.04, intercept 17.14, and correlation 0.93) yielded 
good agreement between pairs. 

Table 3. Dailv precision for both PM25 and PM10 samplers. 
__----- precision (%)------------ 

PM10 PM25 
SSI 1 - 
Partisoi 0.7 - 
RAAS 4 

Comparison of the Partisol to the And-BAM, Met-BAM, and the PDMS resulted in 
slope values of (I -04, 1.13, and 1.05 respectively), correlation values (0.99, 3 .O, 
and 0.97, respectively), and intercepts (-2.50, -1.65, and 1.08, respectively) 
which indicate agreement between the continuous sampler and the FRM within 
the criteria for a California Approved Sampler. (Table 2). Thirty or more data 
pairs were used for comparison. 

PM2.5 sampler comparison 

The comparison 0; RAAS PM25 FRM to continuous PM25 shown in Table 4 
indicates excellent inter and intra sampler agreement for the PM2.5 samplers. 

Regression analysis of the collocated RAAS yielded a slope of 0.98, correlation 
of 1.0, and an intercept of -0.57 showing very good agreement between pairs. 
Similarly the collocated And-BAM (slope 0.98, correlation 0.98, and intercept 
0.69), the Met-BAM (slope 0.98, correlation 1 .Q, and intercept -1 .I 9), the FDMS 
(slope 1.04, correlation 0.99, and intercept, 0.88), and the CAMM (slope 0.97, 
correlation 0.91, and intercept 2.32) (Table 4) agree well with each other. When 
calculated using equations 1 and 2, the RAAS has precision value of 4% (Table 
3). 
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Table 4. PM25 samplers comparison 
X Y’ intercept. slope r’ # samples 
Precision 
RAAS’ RAAS -0.57 0.98 1.0 33 

And-BAM3 And-BAM 0.69 0.98 0.98 99 
Met-BAM4 Met BAM -1 .I9 0.98 1.0 105 
FDMS5 FDMS 0.88 1.04 0.99 55 
CAMM: CAMM 2.32 0.97 0.91 96 

Accuracy 
RAAS And-BAM -1.32 1.02 0.98 102 
RAAS Met-BAM -1.58 1.03 1.0 102 
RAAS FDMS 3.73 1.01 0.99 102 
RASS CAMM 9.79 0.68 0.87 93 
’ r = correlation 
* RAAS = Reference Ambient Air Monitor is a Federal reference method for PM2.5 
’ And- BAM = Then-no Andersen BAM model FH 62 Cl4 manufactured by Therm0 Andersen Inc. 
4 Met BAM = Met One BAM model 1020 manufactured by Met One instruments, Inc. 
5 FDMS = Filter Dynamic Measurement Systems, series 8500 manufactured by Rupprecht and 

Patashnick Co. 
6 CAMM = Continuous Ambient Mass Monitor manufactured by the Therm0 Andersen Inc. 

Continuous Sampiers 

The accuracy of a PM25 continuous sampler was determined by comparing 24- 
hr alterage data with the RAAS PM25 FRM (Table 4). The values of the slopes 
(1.02, 1.03, and 1.01 respectively), correlation (0.98, 1.0, and 0.99 respectively), 
and intercepts (-1.32, -1.58, and 3.73 respectively) indicate good accuracy for the 
And-BAM, the Met-BAM, and the FDMS respectively. For CAMM, slope of 0.68, 
correlation of 0.87, and intercept of 9.79 indicate poor agreement with the FRM. - 
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Criteria for Acbeptabiiity as Wifomia Approved Samplers 

The criteria used by the USEPA for determining acceptability of PM10 
equivalent samplers, seen below as PM10 Class II, were adopted by staff as the 
criteria for selecting California Approved Samplers. The criteria have been used 
successfully by the U.S EPA to approve a large number of samplers that are 
used throughout the country. We find the criteria suitable provided the tests are 
conducted in California and under conditions typical of areas with large 
populations and with persistent PM problems. 

The U.S. EPA promulgated more stringent criteria in the PM2.5 regulations for 
PM2.5 equivalency. The new levels have been seen as quite stringent, to the 
point that the PM2.5 reference sampler, when compared to itself, often fails the 
test. Tiney have been characterized as unnecessariiy stringent, particuiarly in 
light of the increased number of data values available from continuous 
instruments. That feature is discussed below. It is interesting to note, however, 
that all samplers in the California Approved Sampler Study, except one, would 
have passed the more stringent PM25 criteria. The one that did not pass, failed 
only slightly with a slightly elevated y-intercept. 

The U.S. EPA is developing other techniques for inter-sampler comparisons that 
are designed to take full advantage of the power of the increased sampling 
frequency of continuous samplers versus the intermittent schedule of filter based 
measurements. The EPA has found that the increased sampling frequency from 
continuous samplers would allow them to relax the nominal level of the 
acceptance criteria without lessening the effectiveness of the current 
comparative test. 

Staff are following the evolving developments being discussed by the U.S.EPA ) 
however, have selected a more stringent criteria for the California Approved 
Sampler at this time. The criteria have a history of being accepted by the 
measurement community and reliable if sampling conditions are regulated. 

Table 5. Criteria for PM1 8 and PM2.5 (40CFR 53 Table C-3 ) 
PM10 Class II PM25 Class Ii 

Precision of replicate reference 5 pg/m3 or 7% 2 pLg/m3 or 5% 
Slope 1 lk 0.1 I+ 0.05 
Intercept (pg/m3) O+5 OkI 
Correlation (r) 20.97 20.97 

Conclusions 

The staff proposes to use the accuracy and precision criteria stated in federal 
regulation as the U.S. EPA PM10 class II test specifications as the State’s criteria 
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for determining acceptability of a California Acceptable Sampler-for PM10 and 
PM2.5. 

For both PM25 and PMIO, three of the four samplers evaluated in the study--the 
Therm0 Andersen BAM (model FH 62 C14), the Met One BAM (model 1020) 
and the R&P FDMS (series 8500) satisfy the criteria. Consequently, staff 
recommends that these samplers be approved for use to measure PM mass for 
determining compliance with the existing and proposed State AAQS. 
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Supplementary Material for Chapter 5 

Table of the State of California PM10 and PM25 Monitoring List 
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Keeler-Cerro Gordo Road 
Lee Vinina-SMS 

SA 1200 R&P 2025 

120OC-PM10 
R&P 1400A 2025PM 2.5 

1 R&P 200hPMl n 

Lone Pine-E. Locust Street 
Mammoth Lakes 

) R&P 14OOA /2000-PM10 

1 R&P 2000-PM10 / 

Mono Lake-Simis Residence 
Mono Shore 

Olancha-Walker Creek Road 

R&P 2000-PM10 

R&P ZOOO-PM 10 

R&P 1AOOA 2000~PM 1 

Cave Rock 
Echo Summit 

SA 1200 ) ANDERSEN 300 ( 

1 SA 1200 1 ANDERSEN 400 1 ----I 

t 
Twentynine Palms-Adobe Road #2 / SA 1200 1 

Victorville-Armaaosa Road 1 SA 1200 1 X 

Carmel Vallev-Ford Road / SA 1200 

Davenport 
Hollister-Fairview Road 

Moss Landing-Sandholt Road 
Salinas-#3 

Santa Cruz-2544 Soauel Avenue 

SA 1200 

SA 1200 

SA 1200 

SA 1200 

SA 1200 

ANDERSEN 300 

R&P 300 
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San Jose-Tuily Road 
San Rafael 

Santa Rosa-5th Street 

GRASEBY 

SA1200 ANDERSEN 

SA 1200 

SAI 200 ANDERSEN 300 

Bakersfield-California Avenue 
Bakersfield-Golden’ State Highway 

Clovis-N Villa Avenue 
SAI 200 

SA 1200 

ANDERSEN RAAS R&P 1400A 

X 

RAAs2 R&P 1400A 

Turlock-s Minaret Street SA1200 ) 

Visalia-N Church Street SA1200 1 ANDERSEN 300 1 

El Capitan Beach 
EL Rio-Rio Mesa School #2 

Las Flores Canvon #I 
Lompoc Constellation 

LomDoc-S H Street 

SA1200 

SA1200 X 

SAl200 

SA1200 1 

[R&P 1400A 1 

kAorro Bay 
NiDomo-GuadaluDe Road 

SAI 200 

SAI 200 



Tijuana-La Mesa SA1200 1 

Tijuana-Las Playas SA1200 1 
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Pat-t A 
PM1 0 Air Quality Data 
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6 Part 

6 

Appendix 
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PM
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Air 
Q

uality 
D
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Basin 
Nam

e 
County 

Nam
e 

Site 
Nam
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Coast 

Los 
Angeles 

North 
Long 

Beach 
060374002 

1999 
67 

54 
50 

48 
Soulh 

Coast 
Los 

Angeles 
North 

Long 
Beach 

060374002 
2000 
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74 

69 
66 
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Coast 

Los 
Angeles 

Pasadena-S 
W
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Avenue 

060372005 
1999 

73 
60 

41 
40 
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W
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54 
52 
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78 
71 

68 
South 

Coast 
Los 

Angeles 
Reseda 
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68 
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69 

66 
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2000 
114 

99 
a8 

a4 
South 

Coast 
Orange 

M
ission 

Viejo- 
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060592022 
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45 
44 
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2000 
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2000 
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67 
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92 
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120 
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a9 
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San 

Bernardino 
Big 

Bear 
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W
. 

Valley 
Blvd 
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32 
31 

27 
25 
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Coast 

San 
Bernardino 

Big 
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City-501 
W
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060718001 
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Bernardino 
Fonlana-Arrow 
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66 
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2000 
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68 
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Ontario-1408 
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Street 

060710025 
1999 

86 
86 

64 
63 
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Coast 

San 
Bernardino 

O
nlario-1408 
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Street 
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73 
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65 
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San 
Bernardino 

San 
Bernardino-4th 

Street 
060719004 
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121 

74 
72 

66 
South 

Coast 
San 

Bernardino 
San 

Bernardino-4th 
Street 

060719004 
2000 

90 
70 

64 
59 

1st 
2nd 

3rd 
4th 

Average 
AIRS 

Slte 
Id 

Year 
High 

High 
High 

High 
of 

Quarters 

21 
20 

19 
4 

26 
4 

24 
4 

18 
4 

20 

15 
27 
25 
31 
28 
10 

26 
24 
25 
24 
26 
26 

Valid 
Qtrs 4 4 4 

Num
ber of 
O

bs. 

148 
304 

9.5 
110 
111 
116 

71 
108 

92 
273 

65 
119 
110 
111 
137 
282 

97 
59 

121 
112 

96 
111 
104 

92 
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Appendix 6 

Supplementary Material for Chapter 6 

Part E 
PM1 0 Summaw of Population Exposure 



r 



North Coast IQ 35 74390 26.9% Q:cj% 
15 20 133841 48.4% 00% 
20 25 60753 21.9% 21.9% 

6 E-l 
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/Total Pop. 489735 1 Total Over1 78.7% I 

Northeast 
Plateau 

;Over 20 20 
3 i 10 20986 57.9% 0.0% 

10 15 2805 77% . 0 0% L 
15 20 3647 10.1% 00% 
20 25 5689 15.7% ,GF% 

30 35 1837637 14.3% / 14.3% 
35 40 5623658 43.7% 1 43.7% 
40 45 2489830 19.4% 1 19.4% 

17 I % I 17 I o/n z 50 I 1558886 . -- . ,u , m--m I” 
50 55 535075 4.2% 4.2% 
55 60 502120 3 9% 3.9% 
60 65 147693 11% 11% 
65 70 29602 0.2% Ei 
g 75 12829 0.1% Gil 

Total Pop. 1281148 Total Over 100% 
Over 20 20 

South Central 15 20 315418 25.3% 00% L 
Coast 

20 
25 

25 535278 42.9% 0.0% 
30 354807 28.4% 0.0% 

6 E-2 



Salton Sea 25 30 13382 3 9% 
30 35 42378 12.2% 

39% 
12.2% 

35 40 26718 7.7% 7.7% 
40 45 15954 46% . 4.6% 

6 E-3 



Appendix VI-El : PM1 0 Summary of Population Exposure by Air Basin for 
Annual Arthirtietic Mean I 

Air Basin Lower Upper 
Concentra- Concentra- 

tion tion 
Limit - Limit 

45 gg 
50 55 
55 60 
60 65 
65 70 
70 75 
75 80 
80 85 
85 90 

I 1 Total Pop. 

Sacramento 
Over 20 

20 
Vallev 

20 25 
25 30 
30 35 
35 gl 

Total Pop. 
Over 20 

r3 

1990 Percent Percent 
Popula- !3 Population 

tion Population Exposed to over 
Exposed 30 &m3 

70284 20.3% 20.3% 
70863 20.4% 20.4% 
14636 4.2% 4 2% L 
5770 1.7% 1.7% 
1165 L 0 3% 0 3% L 
3180 0.9% 0 9% 
4034 1.2% Tz 
1641 0 5% L 0.5% 

3672 1.1% 1.1% 
j9J 0 1% 0.1% 
384 ix 0.1% 



6 E-5 
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Appendix VI-E2: PM10 Summary of Population Expo 
for Annual Geomefric Mean 

T Upper ( Lower ( Percent Percent of 
PM10 1 PM10 1 1990 of -- Pop. 

Isure by Air Basin 

South Coast 
I I I I I 

20 25 ) 108406 1 0.8% 1 0.0% 

I Total Pop. 116478 

3 li 

27.6% 00% L 

40 ) 164766 

I -- .-- 
45 50 / 26519 l I.IY~~~ I.I/O~ 

Total 890490 Total>30 36.1% 
Population 

Over 30 

- 

L- 

6 E-6 



Appendix WE2: PM10 Summary of Population Exposure by Air Basin 
for Annual Geometric Mean 

Upper Lower Percent Percent of 
Air Basin PM10 b PM10 1990 of 

Concentra Concentra- Popula- Pop. 
Pop. 
Exposed 

I tion 1 tion 1 tion IExpa bsed to over 
Limit Limit 1 30 NW/m3 

San FranciscoBay 10 15 j 410014 7.0% 0.0% 
lArea 

20 1 2894258 1 ] 0.0% / 1 
I I ?I= ' T57623 1 43.5% ( 0.0% ] 

50 
55 

Tot&I- Pap. 

I 1 1869 1 0.5% 1 0.5% ( -- I 
I ’ 87 -- 54~ 1 2.4% 2.4% 

I 70 I 75 I 1472 1 04% L 0.4% 

80 85 1 2360 1 0.7% 1 
95 j&l 1247 0.4% 0.4% 

JocJ joJ 2317 0.7% 0.7% 
105 J-lJ 1 4186 1 12% L 1.2% 

I d-in I IIE. I -ICI7 I n4oL ".I% 
I I llc; I 43n I 2RA ’ 01% 0.1% 

120 125 3679 GG 1.1% 

6 E-7 
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/Appendix WE2: PM1 0 Summary of Populati 

Air Basin 

ion Exposure by Air Basin 
for Annual Geometric Mean. 

Upper Lower Percent Percerit of 

PM10 PM10 1990 of - - _ Pop. 

Sacramento Valley 15 
20 
25 
3n 

“.” IU 

0.0% 

67 2.8% 0.0% 
3U 

- 
I 3J , -rvi17r 2 3% 

730 

2.3% 
2.3% 

I 

Over 30 
20 743175 36.9% ’ n noL 
25 1166011 58.0% 
30 5551. 
-SE; ALTQA7 

Total Pooulation 

Total Pop. 467971Tota -- 
Over 30 

5 

6 E-8 



Appendix WE3: P.MlO Summaw of Population Exposure bv Air Basin for 24-Hour 
EPDC (Expected ‘Peak Day Concentration) 

I Air Basin Lower j m Upper 1 

105 I, 3t34ll 
4 .-nn, I 
I .Ll/ol 

110 115 5244 1.7% 
m 120 4000 1.3% - 

6 E-9 
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Appendix WE3: PM10 Summary of Population Exposure by Air Basin for 24-Hour 
EPDC (Expected. P&k Day Concentration) 

Air Basin Lower Upper 1990 Percent Percent 
Concentra- Concentra- Popula- of Population 

tion * - tion Population Exposed to over 
Limit Limit Exposed 50 pqIrn3 

120 m 3404 1.1% 1.1% 
125 130 ~ 48745 15.4% 15.4% 

- _ Î 
130 135 24546 7.8% /.WO 

Total Pop. 327404 Total Over 100.0% 
Over 50 50 

Kf-l Kc; 4lQc: 0.4% 0.4% 
601 27231 1.0% 1.0% 

15.9% 15.9% 

North Central 30 35 - 4937 0.8% 0.0% 

6 E-10 



Appendix WE3: P’MlO Surnmarv of Population Exposure h-Air Basin for 24-Hour 
EPDC (Expected,P&ak Day -Concentration) 

35 40 7629 20.5% P.O% 
40 45 4677 12.6% 0.0% 

I I 551 601 10881 2.9%1 2.9%j 

1 18581TotalI Over -- 

! 
110 j-& 809170 6.3% 6.3% 

6 E-l 1 
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Appendix WE3: PM1 0 Summary of Population Exposure by Air Basin for 24-Hour 
EPDC (ExpectedPeak Day Concentration) . 

Air Basin Lower Upper 1990 Percent Percent 
Concentra- Concentra- Popula- of Population 

100 m 12900 10% 10% 
m 110 17969 -14% 1.4% 
110 115 -18129 Tgc 1.5% 
115 j2J @9? 0:4% 0.4% 
120 125 - 5789 0.5% 0.5% -~ 

Total Pop. z 
Over 50 ,“” I I 

130) - L 3617 0 3% 
I7337 Total Over 

r;n 

6 E-12 



Appendix WE3: PM1 0 Summary of Population Exposure by-Air Basin for 24-Hour 
EPDC (Expected Peak Day Concentration) 

Air Basin Lower Upper 1 1990 Percent Percent 
Concentra- Concentra- Popula- of Population 

tion I - ajon ,tjon , PopGtion , Exposed to over , 

I 
/ Over 501 50 
I 

I 1 I I I 

San Francisco 1 551 601 616681 1 - Q% 1 .O% 1 
Bay Area 

60 f3J yoo1o 5.3yl 5.3% 
18.9x1 -1 18.9%j 

6 E-13 
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Appendix WE3: PM10 Summary of Population Exposure bv Air Basin for 24Hour 
EPDC (Expected Peak Dav Concentration), 

Air Basin Lower Upper 1990 Percent Percent 
Concentra- Concentra- Popula- of Population 

tiorp tion , tier; PopGkion Exposed to over 1 
1 Limit [ 1 Limit 1 Exposed 1 50 &m3 

Q-6%1 0.6?b] 

p.S%,l 0.6%/ 

41q 415 384 O.lo/, 0.1%' 
0 3422 0.4% 0.4% 425 431 

g3J 435 2257 0 7% 
1.2% 

0.7% 
435 g4J 4302 1.2% 

36721 . 1 11% IA%/ 
5601 1852 O.!Y& 0.5% 

i 8.1% 8.1% 
0.1% A 0.2% 

6301 635 384 0,. 1 y2 0.1% I 
3 1422 0 4% 0.4% 

6651 f37(J 802 02% 
04% 

0.2% 
3 1455 

Tz . 

04% 

6&51 690 4302 / 75% L 
0.60/l 0.6%1 

6 E-15 
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Appendix WE3: PM10 Summary of Population Exposure bv Air Basin For 24iHour 
EPDC (Expected-Peak Dav Concentration) 

Air Basin ) Lower 1 Upper 1 1990 1 Perct @ 
1 Concentra- 1 Concentra- 1 Popula- 1 of - 

tion tion tion 
Limit Limit 

Population Exposed to ov 
Exposed 

695 700 1942 

Percent 
Population 

‘er 
- 50 Kg/m3 

0.60/9 0.6% 
7l-ml 7AEl 9r7nl 

.O% 1 1 .O% 

705 7101 1998 0.6% 06% 
7’2f-l 77fzl 

‘43 0.1% G%- 

740 745) 1634, 0.5% 0.5% 
@6J 
875 8801 IOcq L 0 3%( 

1030 
03%1 L 

I !  I L)“, IdJl L’ 

10351 18151 05% 
0.5% 
0.1% 
0.1% 
0.6% 

1055 10601 1857 
1145 11501 197 
1230 1235 384 
1295 1300 2224 0.6% 
j3J=' 474nl -I /irEt 0 4% 0 4% 
1345 1350 2756 0.8% 08% 
1350 1355 1545 0.4% -- 6% 

?.6% 0.6% 
136"' 427nl -lAlz4l 0.4% 0.4% 
137~31 /- - ._. 

) 1 13551 13601 19151 ! 

1375 0 491 0 I%1 L L 
13751 1380 1460 '%I 

-_ 
A 

0.4% 04% 
13801 33851 2119) 0.6% 06% 

0.6% 0.6% 1395 1400 1998 

I Total Pop. 349682 Total Over [ 1 OO.O%l 

Sacramento 
Over 50 50 

60 37281 1.9% 1.9% 

6 E-16 
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lation Exposu_re@--Air Basin for 24-Hour IQ Summarv of Popul ___ --_-___ 
2 (Expekted Peak Day Concentration) 1 

I Air Basin I Lower I Upper I 1990 Percent Percent 
Concentra- Concentra- Popula- of Population 

! - tion tion tion Population Exposed to over , 
Limit Limit Exposed 50 j&m3 

.I 120 125 83540 4.2% 4.2% 
34527’ 4 7n’ ’ 

5241 O.l%J 

Total 28927544 
Population 

6 E-17 
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Appendix VI-E4: PM10 Statewide Summary of.Population Exposure for Annual 
Arthimetic Mean 

Lower Upper 1990 Percent of % Population 
Concentration Concentra- Population Statewide Exposed to 

Limit tion Affected Population over 30 &m3 

/u 15 - O.?% 0.1% 
75 80 4034 <O-l% <O.l% 
RI3 V” I QK 

5s 

I 
!  

I 
!  

4lzA4 1v-t I I 
!  co.1 % % co.1 

85 z I 90 L=- I 
1 

1857 . --. 1 
, 

co.1 O/, - 
I 

co.1 % 
I ^^ "I 1 ^- - _-- ^ _A, 

I a” I Q.2 - !  
"I-. I 

!  5 "A-22 Yo cu.1 % co.1 
95 m 2892 cO.l% co. 1% 

100 105 11861 % co.1 <O-l% 
105 110 6068 <O-l % <O.l% 
rl*c I A.-at? I 4 l--In7 I co. 1% <O.l% 
125 130 2557 cO.l% <O-l% 

I I13 ILU IUUi 

205 210 197 <O-l% <O-l% 
210 215 384 CO-l% cO.l% 
225. 230 2224 co.1 % <O-l% 

235 -1455 co.1 % <O.l% 
240 8159 co.1 % <O.l% 
245 5577 co.1 % co.1 % - 

Total Pop. 25990000 Total Over 20 89.5% 
Over 20 

Total Population 28982857 

6 E-18 



Appendix W-E5 PM1 0 Statewide Summarv of Population Exposure for 
Annual Geometric Mean 

Lower Upper 1990 Percent of ’ % Population 
Concentra- Csncentra- Population 1 Statewide 1 Exposed to 

tion ’ 
Limit 

0 

tion 
Limit 

2 

1 Affected Population ’ Over 30 wqlm33 ’ 

9769 O,O% 0.0% 
I 5 IO 57525 0.2% 0.0% 

0.0% 

1 01467 11.4%# 30 
I 3n I Qiz ’ '782757 20.00/q 20.0% 

1 ; 

% 1 

I 1 
t  

40 
I  I I  45 . -  I ?JlRRl55 - .-- .-- fi 10.9% / 

-- 

45 
1 I -- .------ 

!  
L.,, d” ’ Tlcl59~ ’ -L1 I 

9 E;o/- 
J.J /o 

I 
I 

95’ 
9. 

50 55 1 379741 ,l.3% 1.~~ 
55 60 , 93191, 0.3% 0.3% 

0.2% 0.2% 
I” “I <O.l% 

I 7n 

1 95 1 100 1247 <O.l% co.1 % 
100 105 2317 <O-l% <O.l% 
105 110 4186 <O.l% co.1 % 

-- l . -- --. I -. . ,., I -. . ,- 

j6J j6J 3QA 8-n 4 Of. 4 oi. 

bz! I 
8159 

Total Pop. ~-14688204 Total O\ 
Over 30 

~an-rnad 7 
I ULCII 

Population 
LO=IfUOl/ 

6 E-19 
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2631 I 2.9% 1 
3JI”VJ 7.. I ”  

!I00754 7.3% 7 30/ 

1680296 5.8% S.j3% 

~ii'313608 1 8 0% . 8.0% 

1652441 1 5.7% 

7.6 I” 

125 J3cJ 1 853977 ) 3.0% ~ 
130 I *'1r 

I - 133 I 
I 1 641110 2 2% - 

i 
135 

150 

140 

155 1 319838 ! 

450243 
m m 7'-*-- 
145 132 $2461 

‘.L IO 

3.0% 

1 _ 1% 

~_. 
I 

1 1.1% 

?.2% L 

1.6% 1.6% 
1 ,-.rl, 4.2% 
1.1% 1.1% 

34uwm 1 I .L-70 I 

/ 

7 
I 155 I 160 
t 

-- - 261629 09% 0.9% 
160 165 219ga 08% - 

155879 1 p 0.5% 

6 E-20 
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Appendix WE6: PM1 0 Statewide Summary of Population Exposure for 
24-Hour EPDC 

Lower Upper 1990 Percent of “, 6 Population 1 
Concentra- _Concenh* Population Statewide Exposed to 1 

tion tion Affected Population Over 50 &m3 
Limit limit -....._ I I I 
n-r\ ,-.-?I- A ALlIz .n 401 /n 4 Of- 

1634 1 -<O-l% <O-l% 

1380 
1385 
1400 

1 <O-l% 

1460 <O.l% 

2c 19 <O-l% I 
<O.-l% 1998 

Total Over 

co.1 % 
co.1 % 
-=O.l% 

<O-l% 
98.9% 

Statewide Total Pop 
50 

28927544 

6 E-22 
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Appendix VI-Fq : Summary of Population Exposure by Air Basin for 
Annual Averaqe of Quarters - PIVl2.5 

Air Bash 

Great Basin 

Lower Llpper 1990 Percent Percent 
Concentra- Concentra- Popula- of Population 

tion tion tion PopuTation Exposed 
Limit Limit - Exposed to Over 

15 &m3 

3 10 16455 100.0% - 0.0% 
Valley 

Lake Counts 0 I 5 m m 0.004 

Mountain 
Counties 

5 10 - 42401 57.2% 0.0% 

IQ 15 31666 92.8% O.@ 

North Coast 5 10 120985 100.0% 

North Central 
Coast 

5 IO 197598 3 00.8% - 

o.oo/: 
1 l388’7’ III -IQ 3% 13.. 1339 

73.4% 73.40/ 

I I 
-11. .V( I 

South Central sj 101 Al6356 ‘- 14.5%1 0 0% - L 
Coast 

San Diego 
22 15 688688 85.5% 0.0% 

10 15 6(I1830 36.6% 00% 
Is, 20 1042658 63.4% 63.4% 

Total Pop. 1042658 Total Over 
Over 15 15 - 

63.4% 
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Appendix VI-F1 : Summary of Population Exposure by Air Basin for 
Annual Average.of Quarters.- PM25 

Air Basin Lower Upper - 1990 Percent P&-cent 
Concentra- Concentra- Popula- of Population 

tion tion tion Population Exposed 
Limit Limit - Exposed to Over 

San Francisco 
Bay Area 

San Joaquin 

15 vq/m3 
10 15 3580327 - 91.4% 0.0% 

15 20 337528 8 6% 
337528 Total Over 

8.6% 
Total Pop. 8.6% 

Over 15 15 
15 173696 - 10.7% 0.0% 

6 F-2 
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North coast 
I 

30 35 +6571 38.5% 0.00/s 
35 i 40 74415 61.5% 0.0% 

North Central 
I I I I I 

15 20 - - 1 120321 ) 30.4% 0.0% 1 Cqast 
20 25 4867 1 12.3% 0.0% 
25 30 226203 57.2% 0.0% 

1 Population ( 65 
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IOver65) 
Appendix VI-F? Summan/ of Population Expdsure by Air Basin for 24-Hour EPDC 

(Expected Peak DaV Concentration) for PM25 . 

Air Basin Lower I Upper 1990 I Percent 
Concentra-j Concentra- Popula- 1 of 

Percent 
Population 

South Central 
CCXlSt 

tion 
Limit 

25 

tion 
Limit 

30 - 

tion Population Exposed to over ’ 
Exposed 65 &m3 

160451 0 0% 22.3% L 

San Diego 

160 ! 65 1 290375 -l7.7% 0.0% 
55 : f&I 1 219161 / 5.6% 1 0.0% / 

gl 
I-7J-t I" 

1671439 1 42.7% 42.7% 
70 75 723906 I 18.5% 

3.8% 3.8% 

IL 3727 0 2% 0.2% 
1 IldLI ) u-1 /o I w.1 /II 

1 264253 1 15.5% 15.5% 

130 1 59307 3.5% 3.5% 
67735 27.4% 27.4% 

135 140 1 192700 11.3% 11.3% 
pJl 145 1 52385 
145 j5J 

i j5J 155 L--.- 50878 
1 

---I I  
I  

- .  

3.0% 3 ." IQ no/_ I 
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Over 65 

3.4% 
120 29722 2.2% 2.2% 

Total Pop. 1323840 Total Over 99.0% 
Over 65 65 

Total Exposed 18889953 
IPopulation I 
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Apper ldix VI-F& Statewide Summary of Population Exposure for - 
Annual Average of Quarters for PM23 

Lower Upper 1990 Percent of 
Concentration Concentration , Population Statewide 

% Population 
Exposed to 

1 ~ Limit Limit 1 Affected 1 Population I >15wg/m3 1 

52 5 16877 0.1% O-t?% 
-5 IQ 849089 4.6% 00% 
10 15 6061824 32.6% 0.0% 
Al- 3667090 19.7% 19.7% 

I c)n I c)Iz I cc7nn7-i 35.9% 35.9%, LL) 1 UUIUUI I 

30 1328846 7.1% 7.'1% 
30 35 9053 0.0% 0 0% 

566007 Total Over 15 62.8% Total Pop. Ilf 
Over 15 -- 

Total Population Affected 18602850 
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Appendix VbF5: Summary of Statewide Population Exposure for 
EPDC (Expected Peak Day Concentration) for PM2.5. 

Lower Upper 1990 Percent I Percent I 
Concentratio Concentration Population , of Popul’ 

n Limit 
Limit 

ation 
Exposed 

Population 
Exposed to over 

65 VW/m3 
0 1% L 0.0% 
0.8% 0.0% 
9.3% 0.0% 

-- I z I --..- I ..- _- 1 - 
-̂  _̂ 

I !  UJ 
/171 A7A 2 lGo/- n no/_ f, #‘*l-r 

1884539 
940: - - 

c388 

1 
5.0% 
9.4% 

W3% 
13.36/o 
I&.5% 

90 -- r, I 95 I -- ----- I -.- _- I 1 2361130 1 12.5% 13 1 
100 751259 I 4.0% I 4.0% I 

z gi 
_ .--- ..- .- -~- _- 

535079 2 8% 2.8% 
105 110 382182 2.0% 2.0% 

I 115 g 
jlJ m 10150~ 0.5% 0.5% 

78477 0.4% 0.4% 
120 125 132180 0.7% 0.7% 
125 m 59307 03% L 0.3% 

6 F-9 



St
at

ew
id

e 
Po

pu
la

tio
n 

Ex
po

su
re

 
fo

r 
PM

2.
5 

An
nu

al
 

M
ea

n 

Lo
we

r 
U

pp
er

 
19

90
 

Pe
rc

en
t 

of
 

%
 P

op
ul

at
io

n 
C

um
ul

at
iv

e 
* 

C
on

ce
nt

ra
tio

n 
C

on
ce

nt
ra

tio
n 

P
op

ul
at

io
n 

St
at

ew
id

e 
Ex

po
se

d 
to

 
Ex

po
su

re
 

Li
m

it 
Li

m
it 

Af
fe

ct
ed

 
P

op
ul

at
io

n 
O

ve
r 

12
 u

g/
m

**
3 

O
ve

r 
12

 u
gl

m
**

3 

0 4 6 8 10
 

12
 

14
 

16
 

18
 

20
 

22
 

24
 

26
 

28
 

30
 

0 
68

57
50

 
3.

6%
 

6 
16

87
7 

0.
1%

 
a 

13
04

64
 

0.
7%

 
IO

 
71

86
25

 
3.

7%
 

12
 

24
04

19
7 

12
.5

%
 

14
 

25
38

02
5 

13
.2

%
 

16
 

21
70

83
1 

11
.3

%
 

18
 

11
93

02
6 

6.
2%

 
20

 
14

22
83

6 
7.

4%
 

22
 

35
11

80
9 

18
.2

%
 

24
 

25
22

34
0 

13
.1

%
 

26
 

10
88

83
0 

5.
6%

 
28

 
65

33
28

 
3.

4%
 

30
 

22
26

10
 

1.
2%

 
32

 
90

53
 

0.
0%

 
To

ta
l 

Po
p 

19
28

86
00

 
Su

m
 

ov
er

12
 

ug
/m

**
3 

13
.2

%
 

13
.2

%
 

11
.3

%
 

24
.5

%
 

6.
2%

 
30

.7
%

 
7.

4%
 

38
.1

%
 

18
.2

%
 

56
.3

%
 

13
.1

%
 

69
.4

%
 

5.
6%

 
75

.0
%

 
3.

4%
 

78
.4

%
 

1.
2%

 
79

.5
%

 
0.

0%
 

0.
0%

 
79

.5
%

 
79

.5
%

 

6 
F-

IO
 

.,.
 

,. 
., 

" 
. 

* .
, 

_ 
., 

., 
," 

.,.
 

,. 
,, 

.."
 .

., 
. 

_,
..,

. 



Appendix 6 

Supplementary Material for Chapter 6 

Part G 
Population Data fch r PM1 0 Exposure Analysis 



618 



- 

- 

- 

- 

- 



620 

f 

C 

/ T  
1 c 
, 7 

’ t 
c 

) c 
) c 

;: 



P 

6 
G

-3
 

.,.
 

,. 
., 

” 
. 

* 
_ 

.,_
_~

--_
--~

--_
_,

, .
l”,

“.;
 .,.

 
-.-

-.-
 

,, 
..”

 
., 

. 
_,

..,
., 



622 



623 

Appendix 6 

Supplementary Material for Chapter 6 

Part W 
Population Data for PM25 Exposure Analysis 



624 



. . : c . - 

1 

: 

. c 

C 

C 
7 

, 1 
( 

I 
. 

: 
( 

= 
.! 

( 
-b 

i 
I 

1 I 
’ G 

E 
W 



Ap
pe

nd
ix

 
W

H
2:

 
Po

pu
la

tio
n 

D
at

a 
U

se
d 

fo
r 

C
al

ct
ht

in
g 

PM
23

 
Av

er
ag

e 
of

 
24

.H
ou

r 
EP

D
C

 
Ex

po
su

re
s 

m
 

Ai
r 

Ba
si

n 

G
re

at
 

Ba
si

n 
Va

lle
y 

La
ke

 
C

ou
nt

s 
La

ke
 

Ta
ho

e 
M

ou
nt

ai
n 

C
ou

nt
ie

s 
M

oi
av

e 
D

es
er

t 
N

nr
th

 
Cm

st
 

To
ta

l 
Po

pu
la

tio
n 

in
 

Ex
po

su
re

 
An

al
& 

j 
6,

55
4 

33
,7

54
 

25
,9

40
 

76
,4

90
 

13
3,

64
0 

12
0,

98
6 

39
5,

J9
6 

Pe
rc

en
t 

Po
pu

la
tio

n 
A

na
ly

si
s 

19
90

 
Po

pu
la

tio
n 

in
 

Ex
po

su
re

 
29

,3
50

 
50

,6
31

 
38

,9
09

 
32

7,
40

4 
32

9,
12

8 
28

5,
18

3 
62

2,
09

1 

56
.4

%
 

,’ 
66

.7
%

 
66

.7
%

 
23

.4
%

 
90

.6
%

 
42

.4
%

 
. .

-. 
-. 

. 
---

-- 

N
or

th
 

C
en

tra
l 

C
oa

st
 

N
or

th
ea

st
 

Pl
at

ea
u 

63
.5

%
 

80
,8

07
 

-N
A 

12
,8

56
,2

98
 

66
.4

%
 

1,
25

5,
58

6 
57

.2
%

 
2,

46
9,

72
1 

66
.6

%
 

5,
87

6,
79

4,
 

66
.7

%
 

’ 
x5

3.
26

3 
63

.0
%

 
R

f-3
 1%

 
34

9,
68

21
 

V
V

.,
 

I”
 

11
,3

36
,7

62
1 

2,
03

4$
X8

 
65

.7
%

 
29

,2
59

,5
15

 
61

.7
%

 

_
_

._
 

-.
 

Sa
cr

ay
en

to
 

Va
lle

y 
[S

ta
te

w
id

e 
18

,0
51

,2
92

1 

6 
H

-2
 

.,.
 

,. 
., 

” 
. 

* 
_ 

,( .,
-..

.. -^
.~

.._
-,.

,~
.._

_,
, 

.l”
,“.

; .,
. 

-.-
-.-

 
,, 

..”
 

., 
. 

_,
..,

., 



627 

SUMMARY OF BOARD ITEM 

ITEM ff 02-5-2: STATUS REPORT ON THE IMPLEMENTATION 
OF ENVIRONMENTAL JUSTiCE POblClES AND 
ACTIONS 

STAFF RECOMMENDATION: jnformationai item, 

DISCUSSION: On December 13,2001 Y the Board approved the 
Environmental Justice Policies and Actions 
(Policies), which establish a framework for 
incorporating environmental justice into the ARB’s 
programs consistent with the directives of State law. 
Associated with each of the Policies are a number of 
action items. 

At the December 13, 2001 public meeting, the 
Executive Officer committed to briefing the Board six 
months after the Policies were approved. This 
status report presents the actions taken over the last 
six months to implement the Policies as well as 
plans for the rest of the year. 

Over the last six months, the ARB staff has moved 
forward with the implementation of the policies. 
Some of the highlights of the last six months are: 
(1) creation of Environmental Justice Section within 
the ARB; (2) development of a detailed work plan to 
implement the Environmental Justice Polices; (3) 
initiation of environmental justice training for ARB 
staff; (4) meetings with Environmental Justice 
Stakeholders Committee to discuss implementation 
of policies, work plan, and work products; (5) the 
identification of an environmental justice contact 
person in the Chairman’s office; and (6) field studies 
to develop methodologies for cumulative emission, 
exposure, and risk assessment. 

In addition, the ARB staff has been heavily involved 
with a broad spectrum of public agencies and 
community groups to assess the health risk due to 
hexavaient chromium air pollution in the Barrio 
Logan area of San Diego. This effort was prompted 
by the detection of unexpectedly high levels of 
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hexavalent chromium at residences near two 
chrome platers in Barrio Logan. 

SUMMARY AND IMPACTS: This item will update the Board on the staff 
accomplishments and ongoing activities related to 
the Environmental Justice Policies and Actions 
during the last six months, and present the 
anticipated activities and accomplishments for the 
next six months. 



SUMMARY OF BOARD ITEM 

ITEM # W-5-3: Status Report on lmplementation of the San 
Francisco Say Area’s 2001 Ozone Attainment Pfan. 

STAFF RECOMMENDATION: None. This is an informational item only. 

DlSClJSSIQN: On November 1,2001, the Board approved the 
San Francisco Bay Area Ozone Attainment Plan kr 
the ?-Hour National Ozone Standard, September 
2001 (Ozone Plan) for submittal to the U. S. 
Environmental Protection Agency as a revision to the 
California State implementation Plan. Because of 
considerable public interest in several issues related 
to the Ozone Plan, the Board directed staff to provide 
a status report on follow-up activities. 

AR% staff have worked with the Bay Area Air Quality 
Management District and the Metropolitan 
Transportation Commission to establish three 
stakeholder roundtable groups to address issues 
raised during the Board’s approval process for the 
Bay Area’s Ozone Plan. 

One roundtable group is looking at the “further study” 
measures for refineries that were included in the 
Ozone Plan. A second group is evaluating potential 
transportation re,lated strategies. A third group has 
met to discuss issues related to including the Bay 
Area in California’s Enhanced Smog Check Program. 

SkOMMARY AND IMPACTS: None. This is an informational item only. 
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